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SUMMARY 
This repor t  presents  a new look a t  spacef l ight  mission 
oppor tuni t ies  t o  the comets i n  the time period 1975-2000. 
Previous s tud ies  of comet missions have been r e s t r i c t e d  mainly 
t o  the f lyby t r a j ec to ry  mode. Although offer ing shor t  f l i g h t  
times and low launch ve loc i ty  requirements, comet f lybys su f f e r  
from the standpoint of s c i e n t i f i c  information r e  turn because of 
the very high f lyby v e l o c i t i e s .  Current i n t e r e s t  i s  now 
centered on the rendezvous (o rb i t  matching) mission which allows 
the  spacecraft  many months t o  monitor the va r i a t i ons  i n  physical  
a c t i v i t y  a s  the  comet approaches and passes through per ihel ion.  
This repor t  expands upon e a r l i e r  work i n  t h i s  area  
(Friedlander,  Niehof f and Waters, 1969) i n  terms of the scope )I 
I 
of missiqn oppor tuni t ies  ava i lab le  and the  comparison of candi- 
I da te  f l i g h t  modes f o r  performing these missions. Spec i f ica l ly  , 
the object ive  i s  t o  i den t i fy  promising rendezvous mission 
oppor tuni t ies  and f l i g h t  modes i n  the time period 1975-2000 
e from the standpoint of t r a j ec to ry  requirements and launch 
vehicle/payload c a p a b i l i t i e s .  Two b a l l i s t i c  and two lbw- t h r u s t  . i 
f l i g h t  modes a r e  considered. B a l l i s t i c  f l i g h t  modes include: 
(1) . d i r e c t  t rans fe r  u t i l i z i n g  th ree  o r  more ve loc i ty  impulses, 
and (2) grav i ty -a s s i s t  t r ans fe r  v i a  the p lane t  J u p i t e r  which I 
eliminates a midcourse propulsive impulse. The low-thrust 
propulsion modes include appl ica t ion of:  (1) nuclear-elec t r i c  
powerplants, and (2) so l a r - e l ec t r i c  powerplants. A l l  t r a j ec -  
t o r i e s  a r e  optimized t o  e f f ec t ive ly  maximize payload (net  
spacecraf t  mass del ivered) f o r  spec i f i c  f l i g h t  time and launch 
vehic le  se lec t ions  . Emphasis i s  placed on the programmed Titan- 
c l a s s  launch vehic le  and f l i g h t  times consis  t e n t  with del iver ing 
a payload of about 1000 pounds to  the comet.- An addi t iona l  
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c o n s t r a i n t  g e n e r a l l y  app l i ed  i s  t h a t  the rendezvous p o i n t  
occur i n  the region 0-200 days before  comet pe r ihe l ion .  
Comet mission oppor tun i t i e s  a r e  i n i t i a l l y  s e l e c  ted on 
the b a s i s  of s p e c i a l  s c i e n t i f i c  i n t e r e s t  and Earth-based 
s i g h t i n g  c r i t e r i a .  The s igh t ing  c r i t e r i a  r e f e r  to  the recovery 
time of the comet by t e l e scop ic  observat ion from Earth p r i o r  
to  the time of rendezvous and s u f f i c i e n t  b r igh tness  a f  terwarda 
f o r  obta in ing  spectroscopic measurements . An e a r l y  recovery 
provides an accura te  update of the comet 's  p o s i t i o n  i n  o r b i t ,  
thereby easing the spacec ra f t  guidance problem. Spectroscopic 
measurements made from Earth a r e  considered f o r  the purpose s f  
c o r r e l a t i n g  s p a c e c r a f t  measurements. Although they a r e  tlrroughf: 
t o  be important,  the s i g h t i n g  c r i t e r i a  a r e  n o t  n e c e s s a r i l y  hard 
c o n s t r a i n t s  d i c t a t i n g  mission success  value.  I t  i s  f o r t u n a t e  
though t h a t  many mission oppor tun i t i e s  do s a t i s f y  the s igh t ing  
c r i t e r i a .  Table S-1 l i s t s  those comet a p p l i c a t i o n s  which 
s a t i s f y  these c r i t e r i a .  Those f l i g h t  modes f o r  which suc- 
c e s s f u l  missions were found a r e  noted i n  the l a s t  four  columns, 
Note t h a t  the nuclear  propulsion por t ion  of the s tudy has been 
devoted almost completely to  a  s tudy of the Halleyl86 mission,  
An a t t r a c t i v e  s e r i e s  of mission oppor tun i t i e s  t o  
Comet Encke, a  w e l l  known s h o r t  pe r iod  comet, f o r  the appar i -  
t ions  1980, 1984, and 1990 has been found. Figure S-1 shows a 
performance comparison of the three-impulse b a l l i s  t i c  and 
s o l a r - e l e c  t r i c  f l i g h t  modes (1980 a p p a r i t i o n ) .  I t  i s  noted 
t h a t  the  1980 and 1990 a p p a r i t i o n s  have comparable t r a j e e  tory 
c h a r a c t e r i s  t i c s  f o r  e i t h e r  f l i g h t  mode due t o  the  o r b i t a l  
per iod  of  Comet Encke being about 3 .3  years .  B a l l i s t i c  pay- 
load c a p a b i l i t y  i s  820-1000 pounds f o r  the Ti tan  3~1Centaur  o r  
T i  tan 3FICen t a u r  launch veh ic les .  A nuclear -e lec  t r i c  space- 
c r a f t  launched by the same Ti tan  c l a s s  v e h i c l e  o f f e r s  the 
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RENDEZVOUS SPACECRAFT 
advantage of a  two year reduct ion i n  f l i g h t  time, A solar- .  
e l e c t r i c  spacec ra f t  i s  a l s o  a t t r a c t i v e ,  r equ i r ing  a  Ti tan 3C 
launch veh ic le  and 2.5 years  of f l i g h t  time to  d e l i v e r  1800 
pounds. The Encke/80 mission would provide an e a r l y  oppor- 
t u n i t y  to  develop comet rendezvous technology p r i o r  to  the 
a r r i v a l  of Ha l l ey ' s  Comet i n  1985, 
The d1Arres t /82  mission i s  cha rac te r i zed  by the r e l a -  
t i v e l y  long f l i g h t  times requi red  by the b a l l i s  t i c  f l i g h t  mocles, 
The s o l a r - e l e c  t r i c  mode i s  much more e f f e c t i v e ,  r equ i r ing  only 
a  1 .9  year f l i g h t  time, Shown nex t  a r e  b a l l i s t i c  and solar- 
e l e c t r i c  missions t o  ~ o p f f / 8 3 ,  the d e t a i l s  of which a r e  quite 
s i m i l a r  to  those of the d1Arres t /82  missions.  The d e s i r a b i l i t y  
of missions t o  these two comets would seem t o  depend upon the 
i n t e r e s t  of the s c i e n t i f i c  community i n  u t i l i z i n g  these 
oppor tun i t i e s ,  
The most outs tanding comet mission from the s tandpoint  
of s c i e n t i f i c  and publ ic  i n t e r e s t  i s  t h a t  t o  Ha l l ey ' s  Gsmet 
which i s  due to  r e t u r n  i n  1985-86. A rendezvous with HalLey i s  
e s p e c i a l l y  d i f f i c u l t  because of the unique,re trograde feature 
of i t s  o r b i t a l  motion, Figure S-1 compares the performance 
c h a r a c t e r i s t i c s  of the b a l l i s  t i c  and low- thrus  t f l i g h t  modes i n  
achieving a  Halley rendezvous. The b a l l i s t i c  mode uses grbvi- ty-  
a s s i s t  v i a  a  J u p i t e r  swingby, I n  order  to  d e l i v e r  a  payload o f  
about 1000 pounds b a l l i s t i c a l l y ,  a  Saturn V/Centaur launch 
veh ic le  i s  requi red  and the f l i g h t  time i s  almost 8  yea r s ,  The 
nuclear -e lec  t r i c  spacec ra f t  launched by the l e s s  cos t l y  T i  tan 
3FICentaur can d e l i v e r  a  payload i n  excess of 1000 pounds, and 
r e q u i r e s  a  f l i g h t  time of only 2,6 years ,  An a l t e r n a t i v e  might  
be the s o l a r - e l e c t r i c  Halley mission, which does n o t  r equ i re  a 
n u c l e a r - e l e c t r i c  system o r  a  Saturn V launch veh ic le  but  can 
d e l i v e r  only 415 pounds wi th  a  7.5-year f l i g h t  time. 
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E f f e c t i v e  accomplishment of the  mission to  Ha l l ey ' s  
Comet would seem t o  depend upon the development and a v a i l a -  
b i l i t y  of nuclear -e lec  t r i c  propulsion by 1983. A t  t h i s  
w r i t i n g ,  there  i s  s t i l l  the p o s s i b i l i t y  t h a t  nuclear -e lec  t r i c  
propulsion would be a v a i l a b l e  i n  time f o r  the Halley mission o r  
t h a t  a  commitment of a  l a r g e  b a l l i s t i c  launch veh ic le  could be 
made. A t  l e a s t  two a l t e r n a t i v e s  y e t  t o  be s tud ied  a r e :  (1.) a 
s o l a r - e l e c  t r i c  powered spacec ra f t  employing a  l a r g e  s o l a r  
c o l l e c t o r  i n  order  to  maintain high power l e v e l s  throughout the 
f l i g h t ,  and (2) a  combined J u p i t e r - a s s i s  t so la r -e lec  t r i c  m i s s i o n ,  
I f  i t  should turn  ou t  t h a t  Halley rendezvous i s  completely 
imprac t i ca l ,  an a l t e r n a t i v e  mission mode might be mul t ip le  
i n t e r c e p t  probes a r r i v i n g  a t  d i f f e r e n t  p o i n t s  during the 
comet 's  pe r ihe l ion  passage. 
Cer ta in  t e n t a t i v e  g e n e r a l i z a t i o n s  concerning comet 
rendezvous missions a r e  demonstrated i n  Figure S-1  and were 
found t o  apply over the e n t i r e  group of missions considered,  
Remembering t h a t  Comet Halley i s  a  very unique case ,  we may 
conc lude tha t : 
1) B a l l i s  t i c  comet rendezvous missions w i l l  t y p i c a l l y  
r equ i re  upwards of four  years  of f l i g h t  time and 
advanced T i  tan/Cen taur  launch veh ic les  . 
2)  There a r e  no a t t r a c t i v e  missions f o r  which the 
J u p i t e r  g r a v i  t y - a s s i s  t technique can s i g n i f i c a n t l y  
improve upon the impulsive b a l l i s  t i c  f l i g h t  mode, 
3) S o l a r - e l e c t r i c  propulsion can reduce f l i g h t  t imes 
from four  years  t y p i c a l l y  requi red  by b a l l i s t i c  
f l i g h t s  to  about two years .  
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4) While marginal ly  e f f e c t i v e  missions to  
Halley/86 a r e  p o s s i b l e  with so la r -e lec  t r i c  
propulsion o r  J u p i t e r  g r a v i  t y - a s s i s  t ,  the  
a v a i l a b i l i t y  of nuclear -e lec  t r i c  propulsion 
would r e s u l t  i n  a  s i g n i f i c a n t  improvement 
i n  t r i p  time, 
Comet rendezvous missions i n  the time period 1975-2000 
a r e  both a t t r a c t i v e  and f e a s i b l e  from a  t r a j ec to ry /pay l sad  
s tandpoint .  Several  mission p r o f i l e s  u t i l i z i n g  near  s t a t e -o f  - 
the a r t  b a l l i s t i c  f l i g h t  systems have been i d e n t i f i e d ,  Tie 
super ior  performance p o t e n t i a l  of f u t u r e  nuclear -e lec  tric 
spacec ra f t  has  been demonstrated f o r  the Halley mission oppsr-  
tun i  t y  . S i g n i f i c a n t  performance improvement can be obtained 
by using s o l a r - e l e c t r i c  propulsion f o r  comet rendezvous 
missions with the poss ib le  except ion of Halley/86, An exten- 
s ion  of the p resen t  s tudy i s  necessary to  complete the picture 
of comet rendezvous a s  a  c l a s s  of missions,  Subject areas of 
p a r t i c u l a r  importance t o  complete mission d e f i n i t i o n  include 
sc ience  o b j e c t i v e s ,  experiment design,  t r a n s f e r  guidance,  and 
s  t a  t ionkeeping maneuvers. 
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TRAJECTORY AND PROPULSION CHARACTER1 STIC S 
OF COMET RENDEZVOUS OPPORTUNITIES 
1. INTRODUCTION 
Spacec ra f t  miss ions  to  the  comets have an impor tan t  
r o l e  t o  p l ay  i n  the  t o t a l  space e x p l o r a t i o n  program. Come t a r y  
bodies  may r e p r e s e n t  one of  the  few sources  of  p r imord ia l  
m a t e r i a l  a c c e s s i b l e  i n  the  i n n e r  r eg ions  o f  the  s o l a r  system, 
Hence, an improved knowledge of  comets can c o n t r i b u t e  t o  our  
unders tanding of  the  dynamics and o r i g i n  of  the  s o l a r  system, 
I n  p a r t i c u l a r  , " i n - s i  tu" s c i e n t i f i c  measurements can provide 
in format ion  on the  comet nuc leus  and the  d i s t r i b u t i o n  of 
p a r t i c l e s  and f i e l d s  i n  the  coma and t a i l  r eg ions .  This  type 
of  d a t a  i s  extremely d i f f i c u l t  i f  n o t  imposs ib le  t o  o b t a i n  
from Ear th-based obse rva t ions .  
Prev ious  r e p o r t s  publ i shed  by As t ro  Sciences  on the 
s u b j e c t  o f  p e r i o d i c  comets have d e a l t  w i t h  s c i e n t i f i c  objectives 
of  comet miss ions  (Roberts ,  1964) ,  t r a j e c t o r y  and s i g h t i n g  
a n a l y s i s  (Narin and Re jze r ,  1965) ,  a  survey of  s u i t a b l e  missions 
i nc lud ing  exper imental  payload s e l e c t i o n  and q u e s t i o n s  of 
miss ion c o n s t r a i n t s  (Rober ts ,  1965),  and cons ide ra  t i o n  of t he  
problems of  comet o r b i t  de t e rmina t ion  f o r  unmanned comet p robes  
(F r i ed l ande r ,  1967). The p r e s e n t  r e p o r t  c o n s i d e r s  the  q u e s t i o n  
of  comet rendezvous o p p o r t u n i t i e s  a s  opposed t o  the  e a r l i e r  
work which w a s  l i m i t e d  t o  i n t e r c e p t  ( f l yby )  miss ions .  The 
d i f f e r e n c e  i n  miss ion modes i s  q u i t e  s i g n i f i c a n t  i n  terms o f  
s c i e n c e  payload and va lue  r e t u r n ,  t r a j e c t o r y  c h a r a c t e r i s t i c s ,  
miss ion o p e r a t i o n a l  l i f e  time, and launch v e h i c l e  requi rements ,  
H i s t o r i c a l l y ,  the  f l y b y  mode was g iven  f i r s t  cons ide ra  t i o n  
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because i t  was the  convent iona l  approach toward e a r l y  deep 
space f l i g h t  and because i t  was p o t e n t i a l l y  ea sy  t o  accomplish 
i n  terms of lower launch energy and s h o r t e r  t r i p  t ime.  I t  
became appa ren t ,  however, t h a t  the  h igh  f l y b y  v e l o c i t i e s  
c h a r a c t e r i s t i c  o f  t h i s  f l i g h t  mode were n o t  compat ible  w i th  
many of t he  s c i ence  measurement o b j e c t i v e s .  C l e a r l y ,  i t  i s  
most d e s i r a b l e  t h a t  the  s p a c e c r a f t  should  match o r b i t s  w i t h  the  
comet and thus  have many months t o  monitor  the  l a r g e  p h y s i c a l  
changes which occur a s  the comet approaches and pas se s  through 
p e r i h e l i o n .  
The rendezvous concept  now appears  a  t l - rac  t i v e  f o r  comet 
miss ions  i n  t he  time pe r iod  1975 - 2000 f o r  the  fo l lowing  
reasons :  (1) the  expected use  of T i t a n - c l a s s  launch v e h i c l e s  
a l lowing the  p o s s i b i l i t y  of  s u f f i c i e n t  i n j e c t e d  weigh t  f o r  an  
on-board p ropu l s ion  system to  accomplish the  neces sa ry  midcourse 
and te rmina l  maneuvers, (2) t he  use of  J u p i t e r  g r a v i t y - a s s i  s t  
f o r  some comet miss ions  thereby reducing the  t o t a l  AV r e q u i r e -  
ment, and ( 3 )  t h e  advent  of  low- t h r u s  t f l i g h t  v i a  e l e c t r i c  
p ropuls ion  s p a c e c r a f t  (both s o l a r - e l e c  t r i c  and n u c l e a r - e l e c  tric) 
whose t r a j e c t o r y  c h a r a c t e r i s t i c s  a r e  i d e a l l y  s u i t e d  f o r  rendez-  
vous wi th  t h e  comets because of  the  r e l a t i v e l y  h igh  eccen- 
t r i c i t y  and i n c l i n a t i o n  of  cometary o r b i t s .  Seve ra l  s t u d i e s  o f  
comet rendezvous miss ions  have been r e p o r t e d  i n  the  l i t e r a t u r e  
(Park 1967, Kruse 1968, and Michie lsen 1968). The p r e s e n t  
s tudy  w i l l  e n l a r g e  upon t h i s  e a r l i e r  work i n  terms of  the  scope 
of miss ion o p p o r t u n i t i e s  a v a i l a b l e  and the  comparison of 
cand ida t e  modes of  f l i g h t .  
The s tudy  o b j e c t i v e s  a r e  t o  i d e n t i f y  promising cornet 
rendezvous miss ions  from the  s t a n d p o i n t  of  t r a j e c t o r y  r e q u i r e -  
ments and launch veh ic l e /pay load  c a p a b i l i t i e s .  P a r t i c u l a r  
a t t e n t i o n  i s  g iven  t o  Ha l l ey '  s Comet (1986 a p p a r i t i o n )  becaiuse 
o f  t he  i n t e r e s t  and t i m e l i n e s s  o f  t h i s  r a r e  oppor tun i ty .  The 
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fo l lowing  f l i g h t  modes w i l l  be cons idered :  
1 )  Mult ip le- impulse  b a l l i s t i c  mode 
2) G r a v i t y - a s s i s  t ed  b a l l i s  t i c  mode 
3)  Nuclear-e lec  t r i c  low- t h r u s  t mode 
4)  So la r - e l ec  t r i c  low- t h r u s  t mode. 
A p a r t i c u l a r  miss ion w i l l  be cons idered  po ten  t i a l b y  
u s e f u l  i f  a  1000 pound payload can be d e l i v e r e d  i n  a  t o t a l  
f l i g h t  time of  f i v e  yea r s  o r  l e s s ,  A 1000 pound s p a c e c r a f t  i s  
a  u s e f u l  g u i d e l i n e  f o r  a s s e s s i n g  comet miss ion va lue ,  being 
roughly e q u i v a l e n t  i n  e x p l o r a t i o n  c a p a b i l i t y  t o  the  Mariner- 
Mars 1971 o r b i t e r .  The f i v e  year  f l i g h t  time l i m i t  h a s  been 
chosen,  somewhat a r b i t r a r i l y ,  i n  o rde r  t o  l i m i t  s p a c e c r a f t  
l i f e t i m e  requirements  and t o  p rov ide  reasonable  program lead 
t imes f o r  the  e a r l y  miss ion o p p o r t u n i t i e s .  
Mission f e a s i b i l i t y  depends upon launch v e h i c l e  a v a i l a -  
b i l i t y  as w e l l  a s  performance. I n  t h i s  s tudy  we w i l l  cons jde r  
the  use  of the  advanced T i t a n  s e r i e s  of launch v e h i c l e s  i n -  
c lud ing  the  T i  t an  3C and T i  t an  3 ~ / C e n  t a u r  c o n f i g u r a t i o n s  which 
a r e  c u r r e n t l y  programmed f o r  development, The T i  tan  3 F / ~ e n t a u r  
c o n f i g u r a t i o n  w i l l  a l s o  be inc luded  i n  the payload a n a l y s i s  s o  
t h a t  r e s u l t s  of  the  s tudy  w i l l  app ly  i n  the  event  t h a t  i t  
becomes a v a i l a b l e ,  The supplementary Burner I1 s t a g e  w i l l  be 
added t o  t he  T i  t an  3D/Cen t a u r  and T i  tan  3F/Cen t a u r  con f igu ra  t i s n s  
on ly  i f  a  s i g n i f i c a n t  payload improvement would r e s u l t ,  Saturn- 
c l a s s  launch v e h i c l e s  w i l l  n o t  be cons idered  u n l e s s  they a re  
r e q u i r e d  t o  accomplish a p a r t i c u l a r l y  d i f f i c u l t  b u t  d e s i r a b l e  
miss ion such a s  the  Hal ley l86  oppor tun i ty ,  
This document i s  the  f i n a l  r e p o r t  on the  comet rendez- 
vous o p p o r t u n i t i e s  s tudy  t a s k  and supersedes  Technical  Memo- 
randum T-21 (F r i ed l ande r ,  Niehof f  and Waters,  1969) . See tion 2 
d i s c u s s e s  the  c r i t e r i a  used i n  s e l e c t i n g  the  v a r i o u s  miss ion 
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o p p o r t u n i t i e s  t o  be s t u d i e d .  I n  Sec t ion  3 b a l l i s t i c  and how- 
t h r u s t  f l i g h t  mode a p p l i c a t i o n s  and r e s u l t s  a r e  p r e s e n t e d ,  
Sec t ion  4 compares the  performance c a p a b i l i t y  o f  the  differen11 
f l i g h t  modes f o r  s e v e r a l  promising miss ion o p p o r t u n i t i e s .  I t  
i s  hoped t h a t  t h i s  r e p o r t  w i l l  be u s e f u l  t o  those  engaged in 
the  p lanning  of  e x p l o r a t o r y  miss ions  t o  the  p e r i o d i c  comets, 
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COMET SELECTION 
Comets a r e  o f t e n  c l a s s i f i e d  i n t o  two groups: 1 )  a '$short- 
period" group f o r  comets having per iods  less than  1000 yea r s  
(usua l ly  i n  t h e  range of 5-10 yea r s ) ,  and 2 )  a  "long-period" 
group f o r  comets w i t h  per iods  g r e a t e r  t han  1000 years  ( t y p i c a l l y  
new pa rabo l i c  comets),  The median o r b i t a l  elements f o r  t h e  group 
of shor t -per iod  comets a re :  
pe r ihe l ion ,  q  = 1 , 3  au 
semi-major a x i s ,  a  = 3,4 au  
e c c e n t r i c i t y ,  e  = O,56 
i n c l i n a t i o n ,  i = 15" 
per iod ,  P = 7 years  
The shor t -per iod  comets a r e  " o l d e r l Y n  an  evo lu t iona ry  
sense  than  new (long-period) comets and hence a r e  observed t.3 
be f a i n t e r ,  l e s s  a c t i v e  and g e n e r a l l y  no t  ve ry  s p e c t a c u l a r  dur ing 
t h e i r  p e r i h e l i o n  passes  of t h e  sun,  However, because of irePative1: 
f r equen t  a p p a r i t i o n s  a s  seen  from t h e  e a r t h  t h e i r  o r b i t s  can 1 3 ~  
determined and f u t u r e  r e t u r n s  p red ic t ed  w i t h  f a i r  accuracy,  
Hence, t h e  shor t -per iod  comets a r e  most s u i t a b l e  f o r  rendezhr'o~~s 
missions i n  terms of s p a c e f l i g h t  planning requirements ,  Launch 
oppor tun i t i e s  f o r  such missions occur a t  an  average r a t e  of one 
pe r  year ,  When t h e  s i g h t i n g  c h a r a c t e r i s t i c s  of t h e  comet 
a p p a r i t i o n s  which a r e  p e r t i n e n t  t o  rendezvous missions are 
considered,  perhaps only  one i n  f o u r  of t h e s e  oppor tun i t i e s  1s 
p a r t i c u l a r l y  a t t r a c t i v e ,  The remainder of t h i s  s e c t i o n  d i s c e s s e s  
how comet a p p a r i t i o n s  were eva lua ted  and which w e r e  s e l e c t e d  a s  
having "good lb i .gh t ing  c h a r a c t e r i s t i c s  t o  support  a  rendezvous 
m i s s  i on ,  
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To date virtually all of our knowledge of comets is the 
result of continued earth-based observations, It should, 
theref ore, not be surprising that earth-based observation plays  
an important role in the operations of a comet rendezvous mission, 
Past observations provide an understanding of the stability of 
the comet" orbits a key factor in determining acceptable 
rendezvous trajectories, An early cornet recovery by earth-based 
telescopes can provide a redetermination of the comet's o r b i t ,  
vital to the final rendezvous maneuvers of the spacecraft, Once 
rendezvous has been achieved and science measurement operatfons 
commence, earth-based observations may provide calibration data 
and would be easeful in correlating spacecraft data with past 
earth-based comet observations, 
These factors can be incorporated into a set of sighting 
criteria which will serve as guidelines for the systematic 
selection of potentially good comet apparitions for rendezvous 
missions, The criteria are as follows: 
(1) Earth-based observations be available from two recent  
apparitions, 
( 2 )  Comet recovery and orbit determination be eompPeCed 
at least 20 days before rendezvous, 
(3) Observation be possible at total magnitudes less 
than 12 for a period of 30 days after rendezvous 
and near the cometOs perihelion, 
The first criterion adds confidence to predictions of future 
comet apparitions, This is particularly important to rendezvous 
missions, which require flight times of several years or more, 
with the comet usually not observable at t h e  time of l a ~ ~ c h ,  
It would be most desirable that the comet be recovered and its 
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o r b i  t accura te ly  determined during the two appar i  t ions  i m e d i  -- 
a t e l y  preceeding the rendezvous passage. For the s e l e c t i o n  of  
mission candidates  i t  w i l l  be assumed t h a t  comet observat ions 
w i l l  be poss ib le  during f u t u r e  a p p a r i t i o n s  p r i o r  to  the rendez- 
vous passage. 
The second c r i t e r i o n  i s  necessary to  insu re  t h a t  
minimum comet t racking da ta  be a v a i l a b l e  f o r  guiding the space- 
c r a f t  to  the rendezvous po in t .  Prel iminary t r a j  ec to ry  surveys 
-1- 
r e v e a l  t h a t  a  l a r g e  c l a s s"  of rendezvous missions reach the 
comet approximately 100 days before pe r ihe l ion .  Thus, i f  the  
comet can be recovered and observed enough times to  redetermine 
i t s  o r b i t  n o t  l a t e r  than 120 days before pe r ihe l ion  the space- 
c r a f t  can s t i l l  a d j u s t  i t s  f l i g h t  pa th  f o r  rendezvous i f  the 
comet' s  p o s i t i o n  i s  wi th in  a  reasonable predic ted  uncer t a in ty  
sphere ( lo6  km) . Twenty days between f i n a l  path co r rec t ion  and 
rendezvous i s  n o t  conservat ive bu t  t h i s  c r i t e r i o n  i s  "softenedP" 
somewhat by the f a c t  t h a t  rendezvous spacec ra f t  would alrnos t 
c e r t a i n l y  have an on-board o p t i c a l  t r acker  to  augment e a r t h -  
based recovery of the comet, thereby enhancing the p r o b a b i l i t y  
of mission success.  
The t h i r d  c r i t e r i o n  makes poss ib le  spectroscopic measure- 
men t s  from e a r t h ,  B y  c o r r e l a t i n g  such e a r  th-based observat ions 
with spacec ra f t  measurements, a  maximum amount of s c i e n t i f i c  
information can be obtained from the mission and p a s t  obser- 
va t ions  can be re-examined f o r  proper i n t e r p r e t a t i o n .  I t  i s  
poss ib le  to  obta in  spectroscopic da ta  from comets which a r e  
f a i n t e r  than 12th magnitude, b u t  the very l a r g e s t  te lescopes 
( e .g . ,  the 200-inch a t  Mount Wilson) may be requ i red  to  do so- 
To insure  t h a t  observat ions a r e  obtained wi th in  a per iod  as 
s h o r t  a s  one month the l i m i t i n g  t o t a l  magnitude was r a t h e r  
a r b i t r a r i l y  s e t  a t  12 .  
9; These missions a r e  discussed i n  considerable  d e t a i l  l a t e r  
i n  the r e p o r t ,  
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The sighting criteria presented above are requirements 
on the results of earth-based observation, There are a l s o  ee r t axn  
minimum conditions which must be satisfied at the observing site i? 
order to guarantee The following parameters are 
important: 
I )  Location of ehe observatory 
2) Darkness of the sky 
3) Brightness of &he cornet 
4 )  Elevation of the cornet 
5) Daily observation period, 
For $he purpose of evaluating cornet observabilicy the 
location of the observatory was set at 3 5 O  N latitude to be 
representative of astronomy activity within the United Seates, 
A 35" S latitude site was also investigated being typical of 
Southern Hemisphere observatories, The condition of a dark sky 
was defined as the center of the sun being at Beast 18" beloor 
the local horizon of the observa&ory, 
There exist two standards for measuring comet brightness 
(Marsden, l970), nuclear magnitudes and toea1 magnitudes, IKuc Pear 
magnitudes (and an approximation of them referred to as eenRral 
condensations) are used to predict the stellar brightness of.a 
cornet for recovery and tracking purpose, It applies ts the 
brightness of the cornet nucleus only but is a good approximat i o n  
of total brightness when the comet is+greater than 1 au from the 
sun and earth, The generalized expression for nuelear magnrtJde 
is given as: 
rn = m -k 5 log 10 + 5 C n  log 10 r +  0.038 
n no 6 1) 
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where mno and Cn a r e  cons tants  f o r  each comet, B and r a r e  the 
comet-earth and comet-sun d i s t ances  r e s p e c t i v e l y ,  and $ i s  the 
sun-comet-earth angle measured i n  degrees.  For l e s s e r  knom 
comets the l a s t  term i s  o f t e n  omitted and the expression f o r  
br ightness  r e f e r r e d  to  a s  the c e n t r a l  condensation. 
Total  magnitudes a r e  measures of total brightness 
exhib i ted  by the comet and i t s  expel led matter  when the comet 
i s  a c t i v e  i n  the region of i t s  pe r ihe l ion .  Tota l  magnitudes 
a r e  somewhat l e s s  r e l i a b l e  p red ic t ions  and genera l ly  n o t  v a l i d  
above values of 12. The genera l ized  expression f o r  t o t a l  
magnitude i s  s imi la r  t o  equation 1 above, being: 
m = m  + 5  log ~ + 5  C t  log lo r t to  
where the v a r i a b l e s  have s i m i l a r  d e f i n i t i o n s  t o  those given 
above. The values of mno and m t o ,  Cn and C t  a r e  d i f f e r e n t  f o r  
any p a r t i c u l a r  comet, d l A r r e s t  f o r  example has  a  value of %5,5 
f o r  mno and 9 .5  f o r  m t o ,  i . e . ,  a  bas ic  b r igh tness  d i f f e r e n c e  of 
6 magnitudes be tween the d e f i n i t i o n s .  
Low e leva t ion  of the comet above the horizon of the 
observing s i t e  increases  the atmospheric pa th  length  of an 
observation and decreases  the q u a l i t y  of seeing even i n  a dark  
sky. I n  genera l ,  the atmqsphere inc reas ing ly  degrades observa- 
b i l i t y  a s  the comet drops from 25" e leva t ion  to the horizon,  
The l a s t  condi t ion  i temized above i s  the d a i l y  p e r i o d  
of observat ion during which the o ther  condi t ions  a r e  s a t i s f i e d ,  
For recovery and t racking work, p l a t e  exposures of up to  one 
hour a r e  needed to d e t e c t  comets a t  nuclear  magnitudes o f  18-21, 
Although severa l  a d d i t i o n a l  hours may be requi red  t o  s e t  up an 
observat ion run,  i t  i s  assumed t h a t  t h i s  can be done before  the 
predic ted  l o c a l  r i s e  time of the comet, 
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2.3 Selec t ion  Procedure 
The process of s e l e c t i n g  comets with favorable  e a r t h -  
based s igh t ing  c h a r a c t e r i s t i c s  f o r  rendezvous mission consider-  
a t i o n  amounts, b a s i c a l l y ,  to  determining how wel l  "acceptable '"  
observat ions s a t i s f y  the s igh t ing  c r i t e r i a .  By simul taneouslp 
generat ing the t r a j e c t o r i e s  of e a r t h  and the comet the con- 
d i t i o n s  of observation described above can be determined as a 
funct ion of time through the appar i t ion ,  a r b i t r a r i l y  s p e c i f i e d  
a s  the per iod from 300 days before to  300 days a f t e r  p e r i h e l i o n ,  
The only d i f f i c u l t y  remaining i s  a  proper d e f i n i t i o n  of  
what cons t i  t u t e s  an "acceptable" observat ion,  The loca t ion  s f  
the observing s i t e  and the d e f i n i t i o n  of a  dark sky can be 
taken a s  hard c o n s t r a i n t s  on observing condi t ions .  However, 
comet obse rvab i l i ty  d e t e r i o r a t e s  gradual ly  r a t h e r  than ceasing 
abrupt ly a s  (1) the br ightness  decreases (magnitude i n c r e a s e s ) ~  ,
(2) e levat ion  decreases below 25", and (3) observat ion pe r iod  
decreases below one hour. Hence, a  s e t  of weighting funct ions  
a r e  necessary t o  evaluate  the condi t ions  of b r igh tness ,  e le -  
va t ion ,  and observing period.  These funct ions  a r e  presented i n  
Figure 1. 
From a survey of comet recover ies  (Roemer, 1965 and 
Roemer and Lloyd, 1966) i t  was found t h a t  previous ly  observed 
short-per iod comets a r e  usua l ly  recovered during the time wherl 
t h e i r  nuclear  magnitudes decrease from 21 to  18, Hence, a 
magnitude weighting factoi.,  Wm, i s  imposed on observat ions which 
gives f u l l  value to  observing hours when the comet i s  b r i g h t e r  
than $ = 18, no value to  the hours when > 21 and. a  linear 
v a r i a t i o n  of value from 1 to  0 between these po in t s .  
A s i m i l a r  treatment f o r  comet e l eva t ion  i s  employed, 
The e leva t ion  weighting f a c t o r ,  WE, on observing hours i s  var ied  
from 0 to  1 a s  the comet r i s e s  from the horizon t o  an e l e v a t i o n  
of 25". Above 25" WE i s  he ld  a t  un i ty ,  i n  essence making no 
allowance f o r  observat ion q u a l i t y  due t o  atmospheric d i s t o r t i o n  
a t  higher  e l eva t ions  , 
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FIGURE I. WEIGHTING FACTORS FOR EVALUATION OF 
EARTH -BASED OBSERVATIONS. 
The t o t a l  d a i l y  obse rva t ion  p e r i o d  i s  a l s o  cons ide red  
a  p a r t  o f  obse rva t ion  q u a l i t y .  The weigh t ing  f a c t o r  WT (where 
r i s  the  t o t a l  d a i l y  obse rva t ion  pe r iod )  i s  v a r i e d  from O tto 1 
a s  r i n c r e a s e s  from 0 t o  1 hour ,  and h e l d  c o n s t a n t  a t  1 f o r  aEi 
?r > l hour.  
An accumulated performance index ,  P(N) i s  then used to 
combine a l l  we igh t ing  f a c t o r s  w i th  obse rva t ion  time t o  determine 
the h i s t o r y  of  "acceptable"  obse rva t ions  dur ing  a  comet appa- 
r i t i o n .  P(N) i s  de f ined  a s :  
i = 0 cor responds  t o  the d a t e  s f  p e r i h e l i o n  passage and 8 i s  the 
l o c a l  hour a n g l e ,  The g r o s s  number of  obse rva t ion  hours  on any 
- given  n i g h t ,  T~ - B r  - e s 9  i s  determined from the  f i x e d  con- 
d i t i o n s  t h a t  the  comet be above the  l o c a l  hor izon  and the  sun  be 
a t  l e a s t  18' below i t .  Wm(i) i s  eva lua t ed  a t  t he  beginning oC 
the  i t h  day, 
2,4  S e l e c t i o n  L i s t  
The accumulated performance index ,  P ( N ) ,  and t o t a l  mag- 
n i t u d e  v a r i a t i o n  (equa t ion  - 2 )  were determined f o r  38 comet 
a p p a r i t i o n s  comprising 21 d i f f e r e n t  comets. The r e s u l t s  were 
a p p l i e d  t o  the  s i g h t i n g  c r i t e r i a  o u t l i n e d  above t o  determine 
f avo rab l e  a p p a r i t i o n s  f o r  comet rendezvous mi s s ions ,  Each of  the  
21  comets cons idered  has  been observed on more than one a p p a r i -  
t i o n  and a t  l e a s t  t h r e e  comets, Ha l l ey ,  Encke, and d l A r r e s t  have 
been seen numerous t imes.  Observa t ions  and s e l e c t i o n  r e s u l t s  are 
p r e s e n t e d  i n  Table 1 which l i s t s  f o r  each a p p a r i t i o n  the  m i n i m u m  
g e o c e n t r i c  d i s t a n c e ,  t h e  v a l u e s  of P(-120) and P(3001, the maxi-- 
mum b r i g h t n e s s  i n  t o t a l  magnitudes,  and the  pe r iod  when m > $ 2 ,  t 
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The comet a p p a r i t i o n s  a r e  c a t e g o r i z e d  a s  Good, Fair, 
and Poor which i s  i n d i c a t i v e  o f  how w e l l  they s a t i s f y  the  
s i g h t i n g  c r i t e r i a ,  The Good l i s t  c o n t a i n s  on ly  those  appa- 
r i t i o n s  which prov ide  a  recovery  a t  l e a s t  20 days be fo re  rendez- 
vous ( i . e . ,  120 days be fo re  p e r i h e l i o n  passage)  and which can be 
observed f o r  a t  l e a s t  30 days a f t e r  rendezvous a t  t o t a l  magni- 
tudes  l e s s  than 12,  A l l  16 a p p a r i t i o n s  i n  the  Good l i s t  have 
v a l u e s  o f  P  (-120) (accumulated weighted obse rva t ions  hours )  
equa l  t o  o r  g r e a t e r  than 20,  This  means t h a t  2-3 weeks o f  
"acceptable"  obse rva t ions  a r e  a v a i l a b l e  up t o  120 days b e f o r e  
p e r i h e l i o n ,  A minimum of one week fo l lowing  i n i t i a l  recovery i s  
r e q u i r e d  t o  o b t a i n  enough obse rva t ions  t o  rede te rmine  the  orbit, 
The a d d i t i o n a l  1-2 weeks a r e  provided a s  a  cont ingency,  s i n c e  
t he  i n t e r r u p t i o n  of obse rva t ions  by a  b r i g h t  moon i n  the  night 
sky h a s  n o t  been cons idered  i n  t he  obse rva t ion  c o n d i t i o n s  o u r -  
l i n e d  above. Also a l l  1 6  comets a r e  observab le  from e a r t h  a t  
t o t a l  magnitudes l e s s  than 12 f o r  p e r i o d s  o f  30 days o r  more, 
Ha l ley  i s  p a r t i c u l a r l y  i n t e r e s t i n g  i n  t h i s  r e s p e c t .  A totai l  of  
250 days o f  obse rva t ion  a r e  p r e c i c t e d ,  d iv ided  i n t o  two periods 
about  p e r i h e l i o n ,  when the  p r e d i c t e d  t o t a l  magnitude of the 
comet i s  l e s s  than 12,  
There a r e  12 comets a p p a r i t i o n s  i n  the  F a i r  l i s t ,  
Almost a l l  o f  t he se  comets have h igh  v a l u e s  (> 50) of P(-120), 
hence p rov id ing  good o p p o r t u n i t i e s  f o r  recovery  and t r a c k i n g ,  
Almost a l l  o f  them, however, p rov ide  no o p p o r t u n i t i e s  f o r  t ak ing  
earth-based mez . su re~ea t s  02 Che comet a t  t o t a l  magnitudes less 
than 12. The ~ n c k e / 9 0  a p p a r i t i o n  has  poor recovery  observa-  
t i o n s ,  b u t  because Encke 's  o r b i t  i s  q u i t e  w e l l  known, and 
because i t  should  be q u i t e  b r i g h t  dur ing  t h i s  a p p a r i t i o n  with 
30 days f o r  ea r th -based  o b s e r v a t i o n s ,  i t  was i nc luded  i n  the 
F a i r  l i s t .  The same r ea sons  l e d  t o  t he  i n c l u s i o n  of  TuttEe- 
Giacobini-Kresak/90 i n  the  F a i r  l i s t ,  Not ice  a l s o  t he  c l o s e  
encounte r  o f  T-G-K w i t h  t he  e a r t h  ( A  = 0,185 au)  f o r  t h i s  
a p p a r i t i o n ,  
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Ten comet a p p a r i t i o n s  a r e  i n  t he  Poor l i s t .  Half of  
t he se  comets have moderate ly  good c o n d i t i o n s  f o r  ea r th -based  
obse rva t ions  dur ing  t h e i r  a p p a r i t i o n s  b u t  none (except  whipple /  
86) have a c c e p t a b l e  obse rva t ions  f o r  the  more c r i t i c a l  ( f o r  
rendezvous) recovery  and t r ack ing  c r i t e r i o n ,  Whipple i s  a f a i n t  
comet which does n o t  b r i g h t e n  much due t o  i t s  l a r g e  p e r i h e l i o n  
d i s t a n c e  (2 ,5  a u ) ,  I t  cannot  be cons ide red  a  ve ry  a c t i v e  comet 
a t  any time and f o r  t h i s  reason  i s  p laced  i n  the  Poor c a t e g ~ r y  
even though i t  has  good recovery  p r o p e r t i e s ,  
Support ing d a t a  i s  p r e s e n t e d  i n  the  Appendix f o r  each 
of the  1 6  comet a p p a r i t i o n s  i n  t he  Good ca t ego ry ,  Three f a g ~ r e s  
and one t a b l e  a r e  i nc luded  f o r  each comet, The f i r s t  two 
f i g u r e s  p r e s e n t  e a r t h  obse rva t ions  d a t a ,  a s  a  f u n c t i o n  of time 
a c r o s s  the  a p p a r i t i o n ,  which were used f o r  t he  s i g h t i n g  analy- 
s i s ,  The t h i r d  f i g u r e  i s  a  p o l a r  p l o t  o f  t he  comet ' s  o r b i t  i n  
t he  r eg ion  of p e r i h e l i o n ,  A t a b l e  o f  o s c u l a t i n g  o r b i t  e lements  
fo l lows  which p r e s e n t s  f u t u r e  p r e d i c t e d  element v a r i a t i o n s  due 
t o  p l a n e t a r y  p e r t u r b a t i o n s  on ly  ( s e c u l a r  v a r i a t i o n s  a r e  not 
i nc luded )  , 
Since the  s e l e c t i o n  p roces s  determined 16 comet appari- 
t i o n s ,  be tween 1935 and 2000 w i t h  good s i g h t i n g  charac  teris tie s 
i t  seems r ea sonab le  a t  t h i s  time t o  l i m i t  t he  t r a j e c t o r y  and 
payload a n a l y s i s  t o  t h e s  e  o p p o r t u n i t i e s ,  I t  i s  p o s s i b l e ,  of 
cour se ,  t h a t  some comets i n  t he  second and t h i r d  s i g h t i n g  e a t e -  
g o r i e s  may be a t t r a c t i v e  from the  s t a n d p o i n t  of  lower t r a j e c t o r y  
energy requ i rements .  I f  independent  r e s u l t s  i n d i c a t e  t h i s  to be 
the  c a s e ,  l a t e r  r e - e v a l u a t i o n  would be i n  o r d e r ,  The succeed- 
i n g  s e c t i o n s  c o n t a i n  t r a j e c t o r y  and payload a n a l y s e s  f o r  t he  16 
comet a p p a r i t i o n s  w i t h  good s i g h t i n g  charac  t e r i s  t i c s ,  
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3. COMET RENDEZVOUS FLIGHT MODES 
I n  t h i s  s e c t i o n ,  a number of promising comet rendezvous 
t r a j e c t o r i e s  w i l l  be discussed wi th  reference  t o  t h e i r  respec- 
t i v e  f l i g h t  modes, which a r e  c l a s s i f i e d  according t o  the  type 
of propulsion system used, i. e .  , b a l l i s t i c  o r  low- thrus  t, WhlB".le 
t r a j e c t o r i e s  may be found which use combinations of these pro-  
puls ion  modes, i n  t h i s  study, we w i l l  r e s t r i c t  a t t e n t i o n  t o  the 
following: 
1)  Mu1 ti- impulse b a l l i s  t i c  mode 
2) Gravi t y - a s s i s  ted b a l l i s  t i c  mode 
3) Solar-elec t r i c  low- thrus  t mode 
4) Nuclear-elec t r i c  low- t h r u s t  mode, 
3.1 Multiple-Impulse B a l l i s t i c  Mode 
Considerable saving i n  the  requi red  v e l o c i t y  increment 
(AV) of b a l l i s t i c  comet rendezvous t r a j e c t o r i e s  can be obtained 
by executing a mid-course plane change maneuver along the line 
of nodes of the  comet o r b i t .  This  p o l i c y  i s  p a r t i c u l a r l y  e f f e c -  
t i v e  f o r  missions t o  those comets which have high o r b i t a l  
i n c l i n a t i o n s .  Furthermore, a s  t o t a l  mission f l i g h t  time increases 
towards the  o r b i t a l  per iod  of the d e s t i n a t i o n  comet, the  plane 
change occurs a t  a g r e a t e r  d i s t ance  from t h e  sun and, the re fo re ,  
a t  a lower v e l o c i t y ,  This r e q u i r e s  a smaller  v e l o c i t y  increment 
t o  execute  t h e  requi red  plane change. 
Missions f o r  which t h e  t o t a l  f l i g h t  time i s  c l o s e  to 
t h e  o r b i t a l  per iod  of the  d e s t i n a t i o n  comet a r e  p a r t i c u l a r l y  
e f f e c t i v e  i n  terms of t o t a l  A!? because many of the  shor t -per iod  
comets have l i n e s  of aps ides  which a r e  c l o s e  t o  the  l i n e  o f  
nodes and p e r i h e l i o n  d i s t ances  which a r e  of the  order  of 1 au 
Under these  circumstances , an optimum three-  impulse mission 
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begins wi th  an i n i t i a l  a r c  which approximates the  p ro jec t ion  o f  
the motion of the comet on the e c l i p t i c  plane and cont inues o u t  
t o  the  v i c i n i t y  of the  comet aphelion po in t .  Near the  aplhelil~n 
p o i n t ,  the  mid-course plane change occurs so t h a t  the  second arc 
of the  t r a j e c t o r y  i s  very  n e a r l y  i n  the o r b i t a l  plane of the 
comet and the  motion c l o s e l y  approximates the  motion of the  
comet. T r a j e c t o r i e s  of t h i s  desc r ip t ion  usua l ly  r equ i re  the 
g r e a t e s t  v e l o c i t y  change a t  Earth depar ture ,  a modest incrernel-rt 
a t  the  mid-course poin t  and a small  v e l o c i t y  matching increment 
a t  the  rendezvous po in t .  
The multiple-impulse b a l l i s  t i c  t r a j e c t o r y  o p t i n i z a t i o n  
problem (minimum AV) has been programmed f o r  the UNIVAC 1108 
computer. The opt imizat ion procedure begins with the specifi(- .a-  
t i o n  of impulse po in t s  along the  t r a j e c t o r y  by the u s e r ,  This 
i n i t i a l i z a t i o n  i s  necessary because a s e r i e s  of l o c a l  optimu~n 
s o l u t i o n s  e x i s t s  a t  t o t a l  f l i g h t  times which d i f f e r  by approxi- 
mately one year .  Launch and a r r i v a l  po in t s  a r e  spec i f i ed  i n  
terms of time only,  s ince  the  p o s i t i o n s  a r e  given a p r i o r i  as 
func t ions  of time. However, the  i n i t i a l  mid-course impulse 
p o i n t  must be s p e c i f i e d  i n  terms of both time and three-  
dimensional p o s i t i o n .  
Next, the  program connects the  impulse po in t s  wi th  
conic a r c s  and computes the a d j o i n t  v a r i a b l e s  o r  Lagrange 
m u l t i p l i e r s  a t  t h e  ends of each a r c .  The m u l t i p l i e r s ,  along 
with the  v e l o c i t y  d i s c o n t i n u i t i e s  (impulses) a t  each p o i n t ,  are 
used t o  compute the  g rad ien t  of the  t o t a l  bV over the complete 
t r a j e c t o r y  with r e spec t  t o  the  times and p o s i t i o n  components 
which spec i fy  the  impulse po in t s .  The t o t a l  AV which i s  to  be 
minimized and i t s  g rad ien t  a r e  requi red  by the search rou t ine  
which uses the  conjugate g rad ien t  technique t o  f i n d  a minimum 
bV t r a j e c t o r y  i n  the v i c i n i t y  of the  o r i g i n a l  i n i t i a l i z a t i o n ,  
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Once a  l o c a l  optimum t r a j e c t o r y  has been found, the 
computer program solves  the  ad j  o i n t  equat ions and examines the 
magnitude of the  primer vec to r  (ve loc i ty  mu1 t i p l i e r s )  along each 
a r c .  The program automat ica l ly  i n s e r t s  a d d i t i o n a l  impulses a t  
po in t s  f o r  which the  primer magnitude i s  a  maximum and g r e a t e r  
than un i ty .  After  reopt imiza t ion ,  the  new t o t a l  gV can be 
compared t o  the previous r e s u l t .  I n  some cases  the  a d d i t i o n a l  
impulses can cause a  s i g n i f i c a n t  reduct ion i n  t o t a l  AV. 
The comet missions a r e  assumed t o  begin from a  fOO 
n a u t i c a l  mi le  c i r c u l a r  o r b i t  about the e a r t h .  This i s  accounted 
f o r  by modifying the  i n i t i a l  va lues  of the  primer vec to r  
components ( t r a v e r s a l i t y  condi t ion)  . This i n i t i a l i z a t i o n  i s  
d e t a i l e d  elsewhere (Waters, 1970) along wi th  a  complete formu1.a- 
t i o n  of the optimum mul t ip le  impulse b a l l i s t i c  t r a j e c t o r y  
problem a s  used i n  the computer program. 
I n  t h i s  s tudy i t  has been assumed t h a t  the t r a j e c t o r i e s  
a r e  n o t  s t rong ly  dependent upon veh ic le  conf igura t ion  ss that a 
minimum AV t r a j e c t o r y  i s  an adequate approximation t o  a  m a x i m ~ ~ m  
de l ivered  payload t r a j e c t o r y .  Short  per iod comet rendezvous 
t r a j e c t o r i e s  e x h i b i t  the usual  t rade-off  between time-of - f l i g h t  
and t o t a l  QV. Furthermore, i f  the a p s i d a l  and nodal l i n e s  of  
the  comet o r b i t s  n e a r l y  coinc ide ,  the minimum AV rendezvous 
t r a j e c t o r i e s  have f l i g h t  times which correspond c l o s e l y  t o  the  
per iods  of the  comet o r b i t s .  
A f u r t h e r  t r a j e c t o r y  s e l e c t i o n  cons idera t ion  i s  the 
d i s t r i b u t i o n  of v e l o c i t y  increments along the  s e r i e s  of three 
o r  more impulse p o i n t s .  It i s  d e s i r a b l e ,  from a  de l ivered  
payload s tandpoint ,  t h a t  most of the  t o t a l  v e l o c i t y  increment 
be suppl ied by the  launch veh ic le .  Missions which requ i re  a 
p o s t - i n j e c t i o n  v e l o c i t y  increment i n  excess of 5 km/sec a r e  of 
quest ionable  u t i l i t y .  With re spec t  t o  the Ti tan  3 / ~ e n t a u r  c lass  
of launch v e h i c l e s  the  v e l o c i t y  increment requi red  f o r  d e p a r t r ~ r e  
! I T  R E S E A R C H  I N S T I T U T E  
19 
from a  100 n.m. e a r t h  parking o r b i t  should be l e s s  than 7 to 8 
km/sec, f o r  a  p r a c t i c a l  mission. The t r a j e c t o r i e s  with f l i g h t  
times near  the  o r b i t a l  period of the  d e s t i n a t i o n  comet a r e  m o s t  
l i k e l y  t o  meet these  v e l o c i t y  increment d i s t r i b u t i o n  requirements 
because the f i n a l  v e l o c i t y  matching increment a t  the  r e n d e z v o ~ ~ s  
po in t  i s  usual ly  q u i t e  small .  
Table 2 conta ins  the  r e s u l t s  of a  study of impulsive 
b a l l i s t i c  missions t o  each of the  comets i n  the Good l i s t  of 
Table 1, with the exception of Halley186. For each comet 
rendezvous opportuni ty the minimum AV t r a j e c t o r y  program w a s  
i n i t i a l i z e d  with a  b i e l l i p t i c  t r a n s f e r  between the  o r b i t  of the 
e a r t h  and the  comet o r b i t  a t  100 days before p e r i h e l i o n ,  The 
i n i t i a l  t r a n s f e r  time was taken a s  the  o r b i t a l  per iod of the 
comet p lus  o r  minus a  s e r i e s  of one-year increments. For each 
case  the  program was allowed t o  i t e r a t e  t o  the  n e a r e s t  rrm5nimurn 
AV po in t .  
Using Ti tan  3D/Centaur and T i t an  3FICentaur launch 
v e h i c l e  performances curves (NASA, 1970), and assuming a rendez- 
vous s t age  wi th  an Isp of 400 s e c ,  the  payload de l ivered  t o  the 
comet a t  rendezvous was computed f o r  each minimum AV t r a j e c t o r y  
allowing an a d d i t i o n a l  200 m/sec f o r  guidance maneuvers, A 
Burner 11 s tage  was added i f  the  r e s u l t i n g  payload improvement: 
was g r e a t e r  than 100 pounds. 
Included i n  Table 2 a r e  the  f l i g h t  time, launch d a t e  
and a r r i v a l  time before pe r ihe l ion  passage f o r  each case  studied, 
The impulse h i s t o r y  i s  a l s o  shown along with the t o t a l  v e l o c i t y  
impulse. T r a j e c t o r i e s  wi th  more than th ree  impulses a r e  included 
f o r  those cases  i n  which the t o t a l  AV improved by more than 
0 ,5  kmlsec wi th  added impulses. I n  the following subsect ions 
we w i l l  d i scuss  those b a l l i s t i c  comet rendezvous missions which 
appear t o  be p r a c t i c a l  from a  payload (1000 pounds) and f l i g h t  
time (< 5 years)  s tandpoin t  and which a r e  contained i n  the l i s t  
of Good s i g h t i n g  condi t ions .  
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TABLE 2 
COMET RENDEZVOUS TRAJECTORIES - I M P U L S I V E  B A L L I S T I C  MODE 
I 
1 
VELOCITY REQUIREMENT (KMISEC) PAYLOAD (LBS) "*  
COMET ' LAUNCH ARRIVAL 
I ) DATE (DAYSBP) b v ,  * A v ,  6 "3 n v  TIT& 30 / TITAN 3" TOTAL CENTAUR CERTAL" 
GR I GG- 
P-4.91 4.81 411 1/77 1 100 
1.78 U/26/76 / 98 
10.59 520 
10.07 1 760 ( E l l )  
9.48 960 (611) 
9.S1 / 900 (Bi  l )  
I 
11.23 1 '50 
9.74 880 
8,95 1 120C 
8.51 1470 (01  I )  
8.27 / 1570 (81 I )  
8.97 1!30 (El  I )  
1 130 I 
1490 I 
1700 ( ~ 1 ; )  1 




18 '0  
I GOO 
* Departure from 100 n a u t i c a l  m i l e  ea r th  o r b i t :  A V ,  = V c  - 25,581, f t / s e c  
* A V 2  + b V 3  + 200 m/sec (guidance) imparted by s ing le  stage, l S p  = 400 sec 
3 . 1 . 1  Encke/80 Opportunity 
The 3.5-year mission t o  Encke/80 (Table 2) has a 
payload c a p a b i l i t y  of 820 pounds wi th  a  Ti tan  3 ~ / c e n t a u r /  
Burner I1 launch v e h i c l e .  It i s  a  marginal mission. However, 
with  t h e  use of a  T i t an  3F/Centaur conf igura t ion ,  1130 pounds 
can be de l ive red ,  represent ing  an acceptable  opportuni ty,  This 
mission w i l l  be descr ibed i n  d e t a i l  because of the  considerable  
s c i e n t i f i c  i n t e r e s t  i n  Encke, The r e l a t i v e l y  s h o r t  o r b i t a l  
per iod  (3.3 years)  " . of Comet Encke suggests  the  p o s s i b i l i t y  o f  a 
s.eri-es of missions a t  successive a p p a r i t i o n s  o r  perhaps a 
s ta t ion-keeping  mission through one complete o r b i t a l  pe r iod ,  It 
should a l s o  be noted t h a t  mission a n a l y s i s  f o r  the  Encke/80 
a p p a r i t i o n  a l s o  app l i e s  f o r  Encke/90. Three o r b i t a l  per iods  
(9.9 years )  very  n e a r l y  equals  ten  years  so t h a t  the  e a r  tb-based 
p o s i t i o n s  a r e  n e a r l y  i d e n t i c a l .  
The spacec ra f t  t r a j e c t o r y  f o r  the  3.5-year mission t o  
Comet Encke i s  i l l u s t r a t e d  i n  Figure 2 .  Note t h a t  the  second 
l e g  of the  t r a j e c t o r y  c l o s e l y  approximates the  pa th  of the 
comet, r e s u l t i n g  i n  the  small  v e l o c i t y  increment requirement a t  
the  rendezvous po in t .  This p l o t  a l s o  shows the  s u b s t a n t i a l  
change i n  e c c e n t r i c i t y  which i s  requi red  a t  mid-course t o  match 
the  o r b i t  of Encke. It i s  t h i s  e f f e c t  which l i m i t s  the  payload 
c a p a b i l i t y .  
The b e s t  a r r i v a l  d a t e  f o r  the  3.5-year b a l l i s t i c  m i s s i o n  
occurs 97 days before  p e r i h e l i o n  passage. The d a t a  of Figure 3 
i n d i c a t e s ,  however, t h a t  u s e f u l  payloads can be de l ivered  a t  
from 50 t o  more than 200 days before  pe r ihe l ion  passage with a 
T i t a n  3 ~ / ~ e n t a u r  launch v e h i c l e  i f  a  marginal 800-lb. pay load  
c a p a b i l i t y  i s  acceptable .  There a r e  40 days a v a i l a b l e  d u r i n g  
the comet ' s  a p p a r i t i o n  f o r  e a r  th-based observat ions ,  
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ARRIVAL DATE * DAYS BEFORE PERIHELION PASSAGE 
FIGURE 3. EFFECT OF ARRIVAL DATE ON DELIVERED PAYLOAD 
AT ENCKE /80 (T ITAN 3FlCENTAUR) 
ARRIVAL DATE 'U DAYS BEFORE PERIHELION PASSAGE 
C'C-URE 4. EFFECT OF ARRIVAL DATE ON DELIVERED PAYLOAD 
AT D'ARREST /82 (T ITAN 3F/ CENTAUR) 
3.1.2 d1Arrest /82 Opportunity 
The 3.85-year mission t o  d1Arres t /82  i s  s i m i l a r  t o  t h e  
Encke/80 mission i n  terms of de l ive rab le  payload. However, by 
increas ing  f l i g h t  time by one year ,  (launch i n  August, 1977), a 
15-20 percent  increase  i n  payload i s  obtained wi th  a  4.8.-year 
f l i g h t  time. 
The 4.8-year mission a r r i v e s  98 days before pe r ihe l ion  
passage, bu t  a s  i n  the ~ n c k e / 8 0  case ,  the a r r i v a l  time can fall 
between 20 and more than 200 days before  pe r ihe l ion  passage f o r  
an 800-lb. rendezvous payload c a p a b i l i t y  (sc e Figure 4 ) ,  
Earth-based observat ions of d t A r r e s t  a t  b r i g h t e r  than 12th 
magnitude ( t o t a l )  a r e  predic ted  f o r  a  per iod of 130 days, 
The 4.8-year t r a j e c t o r y  t o  d1Arres t /82  i s  shown i n  
Figure 5 and w i l l  be compared l a t e r  with a s i m i l a r  gravity- 
a s s i s t e d  mission. 
3 , 1 . 3  Grigg-Skj e l le rup/82  Opportunity 
The 4.8-year t r a n s f e r  has  a  payload c a p a b i l i t y  of 
960 pounds using the  Ti tan  3 ~ l ~ e n t a u r l ~ 1 1 .  There a r e  60 days o f  
e a r t h  observat ions poss ib le  following rendezvous a t  100 days 
before  pe r ihe l ion .  To r a i s e  the payload above 1000 pounds and 
simultaneously reduce the  f l i g h t  by one year a  T i t an  3 ~ f G e n t a u r  
launch v e h i c l e  i s  requi red .  Without i t  t h i s  mission i s  judged 
t o  be of only moderate i n t e r e s t .  
3 .1 .4  Kopff/83 Opportunity 
This  i s  one of the more a t t r a c t i v e  b a l l i s t i c  m i s s i o n  
p o s s i b i l i t i e s .  A 1000 pound payload i s  de l ive rab le  on a f l i g h t  
of l e s s  than 4 years  using a  Ti tan  3 ~ / C e n t a u r  launch v e h i c l e ,  
With over 400 hours a v a i l a b l e  f o r  comet t racking  before t h e  

rendezvous d a t e ,  spacec ra f t  guidance should n o t  be d i f f i c u l t ,  
A t o t a l  of over 200 days f o r  ear th-based observat ions i s  available 
during t h i s  appar i t ion  wi th  165 of these  occurr ing a f t e r  
rendezvous. 
3 .1.5 Encke/84 Opportunity 
As wi th  the  Encke/80 opportuni ty a  T i t an  3FI~enkaux 
launch v e h i c l e  i s  requi red  t o  d e l i v e r  a t  l e a s t  1000 pounds 
payload. This opportuni ty has  somewhat b e t t e r  s i g h t i n g  eharac- 
t e r i s t i c s  f o r  recovery than the  1980 opportuni ty bu t  only 20 
days a r e  p red ic ted  f o r  earth-based observat ions a t  l e s s  the 
12 th  magnitude . 
Temple-2/88 Opportunity 
The maximum d e l i v e r a b l e  payload of over 1100 pounds i n  
l e s s  than a 4 year f l i g h t  time makes t h i s  opportuni ty comparable 
with  t h a t  of Kopff/83. The t o t a l  e f f e c t i v e  observat ion 
time i s  70 days a s  compared with 200 days f o r  Kopff/83 
3.1.7 Faye191 Opportunity 
This  mission would r e q u i r e  a  f l i g h t  time of n e a r l y  6 
years  t o  d e l i v e r  a  1000 pound payload with a  Ti tan 3DIGentaur 
launch veh ic le .  There a r e  100 days f o r  ear th-based observa- 
t i o n .  The long f l i g h t  time requi red  t o  a t t a i n  1000 pounds 
payload i s  the  main drawback t o  t h i s  opportuni ty,  
3 .1 ,8  ~ o r b e s / 9 3  Opportunity 
In  terms of f l i g h t  time and payload t h i s  i s  one of the 
b e s t  b a l l i s t i c  mission o p p o r t u n i t i e s ,  r equ i r ing  a  3,3-year  flight 
time t o  d e l i v e r  a  1000 pound payload with a T i t a n  3 D / ~ e n t a u r  
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launch v e h i c l e .  There a r e  262 hou r s  f o r  r e cove ry  and t r a c k i n g  
p r i o r  t c  rendezvous.  The e a r  th-based o b s e r v a t i o n  p e r i o d  ex tends 
f o r  130 days ,  which i s  abou t  average .  P rogrammat ica l ly ,  however, 
post-1990 launch o p p o r t u n i t i e s  must be r ega rded  a s  o f  l i t t l e  
c u r r e n t  p lann ing  i n t e r e s t .  
3 . 1 . 9  ~ e r r i n e - ~ r k o s / 9 5  Oppor tun i ty  
With an  o b s e r v a t i o n  time o f  on ly  50 days and 5 .7  years 
r e q u i r e d  t o  d e l i v e r  a  1000 pound payload w i t h  a  T i t a n  3 ~ / C e n t a u r  
launch v e h i c l e ,  t h i s  i s  by comparison a  marg ina l  miss ion  
oppor t u n i  t y  . 
3.1 .10 ~ o p f  f  /96 Oppor tun i ty  
R e s u l t s  o b t a i n e d  dur ing  a  s t u d y  of  b a l l i s t i c  m i s s ions  
t o  Kopff/96 a r e  v e r y  s i m i l a r  t o  t hose  ob t a ined  f o r  t he  IXopff/83 
c a s e ,  a l though  t he  f l i g h t  t ime i s  0 . 6  y e a r s  l onge r .  From pay- 
l oad  and obse rva t i on  s t a n d p o i n t  bo th  miss ion  o p p o r t u n i t i e s  t o  
Kopf f  a r e  a t t r a c t i v e  . 
3 .1 .11  Summary o f  P r a c t i c a l  Mul t i - Impulse  Miss ions  
B a l l i s t i c  mul t i - impulse  mi s s ions  d e l i v e r i n g  more than 
1000 pounds payload t o  rendezvous u s i n g  T i  t an  3 / ~ e n  t a u r  launch 
v e h i c l e s  (D o r  F  v e r s i o n s )  a r e  summarized i n  Table 3.  I n  all 
c a s e s  rendezvous occu r s  no l a t e r  than 80 days b e f o r e  p e r i h e l i o n ,  
On a  comparat ive  b a s i s ,  m i s s ions  t o  Kopff/83,  Temple-2/88, and 
~ o r b e s / 9 3  have the  b e s t  p a y l o a d / f l i g h  t time eha rac  t e r i s  tics, 
A l l  have payload c a p a b i l i t i e s  i n  exce s s  o f  1000 pounds w i t h  t h e  
s m a l l e r  T i t a n  3 ~ / C e n t a u r  v e h i c l e  and a l l  have f l i g h t  t imes  o f  
l e s s  than 4  yea r s .  Miss ions  t o  d 1 A r r e s t / 8 2  and ~ o p f f / 9 6  I-rave 
comparable payload c a p a b i l i t i e s ,  b u t  t he  f l i g h t  t imes  a r e  in the 
range  4-5  y e a r s .  The remaining o p p o r t u n i t i e s  r e q u i r e  t h e  l a r g e r  
T i t a n  3F/Centaur t o  a ch i eve  a t  l e a s t  1000 pounds o f  rendezvous 
payload.  
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From a t r a j e c t o r y  ana lys i s  s tandpoin t ,  i t  i s  i n t e r e s t i n g  
t o  note  t h a t  the  o r b i t s  of the comets, f o r  which e f f e c t i v e  
payload de l ive ry  was obtained, have severa l  f e a t u r e s  i n  cornon, 
The following p a r t i a l  l i s t  of o r b i t a l  elements i l l u s t r a t e s  t h i s ,  
Comet P e  S1 w i 
Encke 3.3 .85 334" 186" 1 2  " 
d % r r e s t  6 . 6 7  .6  143 " 174" 18" 
Kopff 6.63 - 5 6  121" 162" 5" 
Temple-2 5.26 . 5 5  119" 291" 13" 
Forbes 6 . 4 2  - 5 5  2 5 "  260" 5"  
W i t h  the exception of Forbes, each comet o r b i t  has an argu- 
ment of pe r ihe l ion ,  w, near 180 degrees so t h a t  the 
plane change can be accomplished a t  the  economical aphelion 
po in t .  I n  the case of Forbes (and to  a  l e s s e r  ex ten t  axso 
Kopff) the f a c t  t h a t  the  aps ida l  l i n e  i s  n o t  a t  180° f r o m  the 
nodal crossing i s  o f f s e t  by an i n c l i n a t i o n  angle which i s  
considerably smaller than average. The l i s t  a l s o  shows t h a t  
the e c c e n t r i c i t i e s  a r e  nea r ly  i d e n t i c a l  with the  exception of  
Encke. The combination of shor t -per iod ,  high e c c e n t r i c i t y  and 
moderate i n c l i n a t i o n  make Encke a  more d i f f i c u l t  comer f o r  
b a l l i s t i c  rendezvous with acceptable  payload. 
I n  summary, a  number of acceptable  b a l l i s t i c  rendez- 
vous missions to  the per iodic  comets have been i d e n t i f i e d ,  
However, the r e s u l t s  show . tha t  f l i g h t  times of about f o u r  
years  a re  required.  In  an e f f o r t  to  reduce f l i g h t  t i m e ,  
increase payload, and add more acceptable  oppor tuni t ies ,  other 
propulsion modes were inves t iga ted  and a r e  repor ted  in the 
following subsect ions.  
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3.2 Gravity-Assis ted B a l l i s t i c  Mode 
J u p i t e r - a s s i s t e d  t r a j e c t o r i e s  can be u s e f u l  i n  reducing 
the t o t a l  BV requirement of 3-impulse b a l l i s t i c  comet rendezvous 
missions.  Michielsen (1968) has presented severa l  s p e c i a l  cases 
f o r  a  Halley rendezvous mission including Sa tu rn -ass i s t ed  tra~j ee- 
t o r i e s .  Unfortunately,  the  p o s i t i o n s  of J u p i t e r  and Saturn are 
no t  i d e a l  f o r  a  ~ a l l e y / 8 6  rendezvous mission and the r e s u l t i n g  
f l i g h t  time and launch veh ic le  requirements a r e  excessive ( s e e  
review i n  sec t ion  3 .2 .4 ) .  
There should e x i s t ,  however, o the r  comet rendezvous 
oppor tun i t i e s  f o r  which a  J u p i t e r - a s s i s t  provides a  s i g n i f i c a n t  
improvement i n  payload c a p a b i l i t y .  In  conduc t i n g  a  p r e 1 h i n a . r ~  
search f o r  such oppor tun i t i e s  the  following guide l ines  were 
he lp fu l :  
1, The p o s i t i o n  of J u p i t e r  should l i e  near  the 
comet's l i n e  of apsides ( o r b i t  a x i s  l i n e )  a t  
the  time t h a t  $he comet i s  a t  i t s  aphelion 
po in t ;  
2 ,  The comet's aphelion d i s t ance  should be commen- 
s u r a t e  with J u p i t e r ' s  o r b i t a l  r ad ius  ( i f  the 
aphelion d i s t ance  i s  beyond J u p i t e r ,  i t  i s  b e s t  
t h a t  the  comet leads  J u p i t e r  i n  longi tude a t  
the  time of aphel ion,  i f  the aphelion d i s t ance  
i s  wi th in  J u p i t e r ' s  o r b i t  the  comet should lag 
J u p i t e r )  ; 
3 .  For comets of high i n c l i n a t i o n ,  J u p i t e r ' s  
p o s i t i o n  a t  the  time of swingby should l i e  
near  the  comet 's  o r b i t a l  plane ( A favorable  
condi t ion ,  then, i s  when the  comet 's  l i n e  o f  
nodes i s  near  the l i n e  of aps ides ,  and f o r t u -  
n a t e l y ,  t h i s  condi t ion  i s  met by a  l a r g e  number 
of comets). 
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These guide l ines  were appl ied t o  a l l  38 comet appari-  
t ions  considered i n  the s igh t ing  ana lys i s .  It was an t i c ipa ted  
t h a t  the guide l ines  would be.  s u f f i c i e n t l y  r e s t r i c t i v e  t o  
e l iminate  the  major i ty  of these appar i t ions  and the re fo re  
considerat ion was n o t  l imi ted  t o  the 16 appar i t ions  i n  tfne 
category of Good s igh t ing  c h a r a c t e r i s t i c s .  Most of the canLdl- 
da te  comets f a i l e d  t o  meet the f i r s t  guide l ine  of comensurace 
longi tudes.  Seven comet oppor tuni t ies  a r e  presented i n  Tab le  4 ,  
covering the period 1975-1990 ( fo r  which r e l i a b l e  comet orbit 
data  was ava i l ab le )  which appear to  be p o t e n t i a l l y  good 
candidates f o r  the J u p i t e r - a s s i s t e d  rendezvous f l i g h t  mode, 
Their  longi tudina l  p o s i t i o n s  a t  aphelion r e l a t i v e  t o  J u p i t e r  a r e  
presented i n  po la r  coordinates  i n  Figure 6. These s e l e c t i o n s  
a r e  based on a  somewhat a r b i t r a r y  c r i t e r i o n  t h a t  the longi tude 
d i f fe rence  between the comet ( a t  aphelion) and J u p i t e r  be less 
than 45". Note t h a t  the second guide l ine  ou t l ined  above i s  
s a t i s f i e d  by only th ree  of the  seven comets -- d % r r e s t / 8 2 ,  
Honda-Mrkos-Padjuskova/85, and Tuttle-Giacobini-~resak/90. 
Although T - G - K / ~ O  doesn ' t  s a t i s f y  the  t h i r d  guide l ine  very well, 
the r e l a t i v e l y  low i n c l i n a t i o n  of i t s  o r b i t  ( l o 0 )  was a mitiga- 
t i ng  f a c t o r  i n  i t s  se l ec t ion .  
A search of J u p i t e r  g r a v i t y - a s s i s t e d  t r a j e c t o r i e s  f o r  
each of the seven comet appar i t ions  i n  Table 4 was performed t o  
determine favorable  AV requirements f o r  rendezvous. The SPmC: 
Computer Program (Joseph and Richard, 1966) was used t o  generate 
the  t r a j e c t o r i e s .  A network of t r a j e c t o r i e s  were computed by 
f i r s t  s e l e c t i n g  a  near-optimum launch da te  f o r  the earth-J1upit:er 
t r a n s f e r  f o r  a  range (- 500 days) of  J u p i t e r  a r r i v a l  dates around 
the comet's aphelion da te .  The program has the c a p a b i l i t y  o f  
automatical ly  determining a l l  poss ib le  Jupiter-comet t r a n s f e r s  
(and associa ted  J u p i t e r  f lyby geometry) f o r  a  spec i f i ed  Jupiter 
a r r i v a l  da te .  By varying the a r r i v a l  da te  a t  J u p i t e r  over the 
range of i n t e r e s t  a  spectrum of g r a v i t y - a s s i s t e d  t r a j e c t o r i e s  t o  
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0 COMET POSITION AT APHELION 
d JUPITER POSITION AT COMET APHELION BEFORE APPARITION 
SUN 
FIGURE 6. JUPITER GRAVITY -ASSIST OPPORTUN ITlES 
FOR COMET RENDEZVOUS 
t he  comet was generated.  In  genera l ,  Type I-Class 1 post-Jupi t .er  
t r a n s f e r s  were se lec ted  f o r  payload a n a l y s i s  s ince  these  a re  the 
ones which i n t e r c e p t  the  comet before pe r ihe l ion  and have rela- 
t i v e l y  low approach v e l o c i t i e s .  
Performance r e s u l t s  f o r  each of the  seven comet 
appar i t ions  a r e  presented i n  Table 5. A 400-sec Isp space- 
s t o r a b l e  braking propulsion system has been assumed and an 
allowance of 200 mlsec f o r  mid-course guidance was included i n  
the  payload determinat ion,  Rendezvous times o the r  than 100 days 
before  pe r ihe l ion  a r e  a  r e f l e c t i o n  of a  compromise between 
s i g h t i n g  requirements and payload c a p a b i l i t y .  Only four  sf the 
seven comets l i s t e d  can be reached wi th  more than a  1000 pound 
spacec ra f t  using J u p i t e r  g r a v i t y  a s s i s t ,  
Of the four  J u p i t e r - a s s i s t e d  comet rendezvous missions 
with payload c a p a b i l i t y  g r e a t e r  than 1000 pounds only the 
d1Arres t /82  mission i s  i n  the  Good category of s igh t ing  c r i e e r i a ,  
H-M-PI85 and Whipple/86 appar i t ions  a r e  both i n  the  Poor category, 
H-M-~185, however, has  ve ry  low energy requirements and two 
launch oppor tun i t i e s  i n  successive years  a r e  poss ib le  ( i f  t h e  
l a r g e r  T i t an  3F i s  a v a i l a b l e ) .  Whipple/86 on the o ther  h a n d ,  
i s  a  mission which, i n  addi t ion  t o  poor s i g h t i n g  c h a r a c t e r i s t i c s ,  
r equ i res  a  l a r g e  two-stage capture  maneuver t o  a t t a i n  rendezvous 
wi th  more than 1000 pounds, provided the Ti tan  3F/Centaur/ 
Burner II i s  used. The T-G-K/90 appar i t ion  i s  i n  the f a i r  
category. It has poor recovery c h a r a c t e r i s t i c s  f o r  an arri-val 
da te  150 days before pe r ihe l ion .  Earth-based observat ions a r e ,  
however, f a i r l y '  good with 100 days viewing a t  l e s s  than 12th 
magnitude p red ic ted ,  Mission and t r a j e c t o r y  c h a r a c t e r i s t i c s  
a r e  discussed i n  more d e t a i l  i n  the  following subsect ions for 
the d Q r r e s t l 8 2 ,  H-M-~185, T-@-K/90 and Halleyl86 g r a v i t y -  
a s s i s t e d  rendezvous missions,  
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3 .2 .1  d1Arrest /82 Opportunity 
d1Arrest /82 i s  a  p a r t i c u l a r l y  i n t e r e s t i n g  candidate  
f o r  a  J u p i t e r - a s s i s t e d  rendezvous mission because of i t s  favor- 
able  phasing wi th  J u p i t e r  and llGood" s igh t ing  c h a r a c t e r i s t i c s ,  
Also, t h i s  mission,  i f  a t t r a c t i v e ,  could have an immediate 
impact on advanced mission p lans  which c u r r e n t l y  include a 
f lyby  mission t o  d l A r r e s t  i n  1976. 
Tra jec to ry  search r e s u l t s  suggest t h a t  Type I,  Class 1 
t r a n s f e r s  a f t e r  J u p i t e r - a s s i s t  provide the  b e s t  mission 
c h a r a c t e r i s t i c s .  Approach v e l o c i t i e s  a r e  low and rendezvous 
occurs before p e r i h e l i o n ,  i n  time t o  perform " in  s i t u "  measure- 
ments during the comet's per iod of maximum a c t i v i t y .  Several  
important mission parameters f o r  these  t r a j e c t o r i e s  a r e  
presented as  a  funct ion  of rendezvous time before pe r ihe l ion  i n  
Figure 7 .  
Two payload curves a r e  shown, the  lower one f o r  Titan 
3 ~ / ~ e n t a u r / ~ u r n e r  11 launches,  the  upper one f o r  T i t an  3 ~ /  
C e n t a u r l ~ u r n e r  II launches,  Payload i s  def ined as  n e t  we igh t  
(rendezvous r e t r o  s t age  n o t  included) de l ivered  t o  the  cornet, 
A space-storable  r e t r o  propulsion system ( Isp  = 400 see)  has 
been assumed with a  b u i l t - i n  allowance of 200 m/sec f o r  
t r a j e c t o r y  c o n t r o l .  The n e t  payloads reach t h e i r  maximum 
va lues ,  1330 and 1820 pounds, r e s p e c t i v e l y ,  between 400 and 500 
days before p e r i h e l i o n ,  where the  comet approach v e l o c i t y  i s  
minimum a t  about 1.65 km/sec. 
The t o t a l  f l i g h t  time obviously approaches the tLme 
between launch and d ' A r r e s t l s  pe r ihe l ion  (about 5 years )  a s  the 
rendezvous time before p e r i h e l i o n  approaches zero.  Nuclear 
magnitude ( f o r  recovery and t racking)  and t o t a l  magnitude ( fo r  
earth-based observat ions)  a r e  shown i n  the top graph of Figure - B +  
The d i s t ance  of c l o s e s t  J u p i t e r  approach i s  very l a r g e  fox' the 
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rendezvous times cons idered .  
I f  ea r th -based  recovery  and t r ack ing  a r e  impor t an t  60 
the  f i n a l  rendezvous maneuver, the  a r r i v a l  time would probably .  
be delayed beyond the  peak payload p o i n t  (about  450 days be fo re  
p e r i h e l i o n ) .  Rendezvous cou ld  be a s  l a t e  a s  100 days b e f o r e  
p e r i h e l i o n  and t h e r e  would s t i l l  be s u f f i c i e n t  n e t  payload 
us ing the  T i t a n  3D/Cen tau r /~u rne r  I1 (1040 l b s )  . 
A J u p i t e r - a s s i s  t ed  t r a j e c t o r y  f o r  rendezvous w i t h  
d l A r r e s t  a t  123 days be fo re  p e r i h e l i o n  was chosen from F igu re  7 
a s  an i l l u s t r a t i o n  of an accep tab l e  miss ion p r o f i l e .  P e r t i n e n t  
miss ion c h a r a c t e r i s t i c s  a r e  p r e sen t ed  i n  Table 6 .  The T i t a n  
3D/Cen tau r /~u rne r  PI launched payload of  1100 pounds should  be 
adequate  t o  perform a  comprehensive rendezvous i n v e s t i g a t i o n  o f  
d l A r r e s t .  A p o l a r  p l o t  of  the  t r a j e c t o r y  p r o j e c t e d  i n  the  
e c l i p t i c  p l ane  i s  p re sen t ed  i n  F igure  8 .  P o s i t i o n s  of  t he  earth 
a r e  shown a t  v a r i o u s  c r i t i c a l  p o i n t s  i n  t he  miss ion .  The p l o t  
imp l i e s  t h a t  d l A r r e s t  pa s se s  near  J u p i t e r  b e f o r e  rendez- 
vous. This  i s  i n  f a c t  the  c a s e ,  so  t he  p o s t - a s s i s t  rendezvous 
t r a j e c t o r y  i s  based on the  pe r tu rbed  comet e lements  due t o  this 
nea r  encounter .  The e a r t h  i s  i n  a  v e r y  f a v o r a b l e  p o s i  t.ion f o r  
e a r  th-based comet o r b i t  de t e rmina t ion  p r i o r  t o  rendezvous,  
This  may n o t  be t r u e  f o r  an on-board o p t i c a l  t r ack ing  sys  tern 
s i n c e  t he  p l o t  a l s o  imp l i e s  a  s p a c e c r a f t  approach from behind 
the  comet w i t h  r e s p e c t  t o  the  sun,  
3 .2 .2  Honda-Mrkos-Pa j duskova/85 O p p o r t u n i t i e s  
H-M-~/85 i s  a  "poor" a p p a r i t i o n  f o r  recovery ,  t r a c k i n g ,  
and ear th -based  obse rva t ion  because of  u n f o r t u n a t e  ear th-comet  
geometry a t  t h i s  time. On the  o t h e r  hand, H-M-P' s phas ing  with 
I I T  R E S E A R C H  I N S T I T U T E  
TABLE 6 
COMET d'ARREST/82 
JUPITER-ASSISTED RENDEZVOUS MISSION EXAMPLE 
Launch Date 13 Sept.  1977  
C h a r a c t e r i s t i c  Veloc i ty ,  f t / s e c  48070 
I n j e c t e d  Weight, l b s .  
T i t an  3 ~ / C e n t a u r / ~ u r n e r  I1 
Ti tan  3~/Centaur /Burner  I1 
Swingby Date 17 Sec. 1 9 7 9  
Hyperbolic J u p i t e r  Approach 
Veloci ty ,  km/sec 
Radius of Closes t  Approach, 
J u p i t e r  Radi i  
Ar r iva l  Date 18 May 1982 
A r r i v a l ,  Days Before Pe r ihe l ion  122.6 
Comet Brightness 
Nuclear Magnitude 
To ta l  Magnitude 
Distance From Ear th ,  AU 0.99 
Distance From Sun, AU 1 .89  
I n t e r c e p t  Veloc i ty ,  km/sec 2.155 
Guidance QV Allowance, km/sec 0.200 
Rendezvous Payload, l b s  . f:
Ti tan  3 ~ / ~ e n t a u r / ~ u r n e r  II 
Ti t an  3FICentaurlBurner I1 
F l i g h t  Time to  Rendezvous, Years 4.68 
Retro Stage Prope l l an t  i s  Space-Storable a t  400 see 1 




J u p i t e r  r e s u l t s  i n  the b e s t  payload c a p a b i l i t y  of a l l  the 
g rav i ty -ass i s t ed  rendezvous missions considered. There are a l s o  
kwo reasonable launch opporkunit ies  f o r  t h e  mission which occur 
i n  1980 and 1981, 
For these  reasons,  a  b r i e f  summary of c h a r a c t e r i s t i c s  
f o r  two J u p i t e r - a s s i s t e d  rendezvous missions wi th  R-M-P a r e  
presented i n  Table 7 .  Both t r a j e c t o r i e s  have the same a r r i v a l  
d a t e ,  100 days before p e r i h e l i o n ,  but  the  payload c a p a b i l i t i e s ,  
and Jupiker  swingby condi t ions  a r e  q u i t e  d i f f e r e n t .  The payload 
c a p a b i l i t y  wi th  the  Ti tan  3 ~ l ~ e n t a u r l ~ u r n e r  T I  i s  more than 
adequate (1815 pounds) f o r  the  '80 opportuni ty.  For the '81 
opportuni ty the  T i t a n  3F/Gentaur/Burner 11 would be necessary ~o 
provide a t  l e a s t  1000 pounds n e t  payload. Although the  
opportuni ty has  considerably l e s s  payload c a p a b i l i t y  a back-up 
opportuni ty i s  a  p o s i t i v e  faceor  f o r  mission-planning. The 
f l i g h t  time i s  one year s h o r t e r  afz 3 . 1  years  f o r  the  '$81 sppor-  
t u n i t y  and the  J u p i t e r  passage d i s t ance  i s  much c l o s e r  than for 
the  '80 oppor tuni ty ,  decreasing from 55 R j  t o  7.5 R j .  Unforru- 
n a t e l y ,  computer da ta  f o r  H-M-PI85 showed an accumulated 
observat ional  performance index of P = 0  hours (see Table 1) 
f o r  the  e n t i r e  a p p a r i t i o n ,  confirming the suspected poorness o f  
s i g h t i n g  cond i t ions ,  
Tuttle-Giacobini-KresakI90 Opportunity 
Mission parameters,  varying a s  a  funct ion  of re~~dez%cdus  
time before  p e r i h e l i o n  a r e  presented f o r  T-~-K/90  i n  Figure 9, 
As with d 'Arres t /82 ,  payload c a p a b i l i t y  (shown f o r  both T i t a n  
launch v e h i c l e s )  r i s e s  t o  a  maximum s e v e r a l  hundred days be fo re  
pe r ihe l ion  and then f a l l s  o f f  r a p i d l y  a s  the  comet approach 
v e l o c i t y  inc reases .  The rap id  increase  in rendezvous bV as tfae 
comet approaches pe r ihe l ion  i s  caused by small  d i f f e rences  
between the comet 's  and spacec ra f t  b o r b i t a l  planes combined 
wi th  t h e i r  high v e l o c i t i e s  near  pe r ihe l ion .  For T - G - K / ~ O  this 
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TABLE 7 
COMET HONDA-MRKOS-PAD JUSKOVA/~~ 
JUPITER-ASSISTED RENDEZVOUS MISSION EXAMPLE 
Launch Date 16 Dec. 1980 31 Dee, 1981 
Charac ter i s  t i c  Veloc i ty ,  f t / s e c  48400 47780 
In jec ted  Weight, l b s .  
T i t an  3 ~ / C e n t a u r  Burner I1 2405 2635 
T i t a n  3 ~ l ~ e n t a u r l B u r n e r  11 3270 3580 
Swingby Date 23 Jan. 1983 22 Sept.  1983 
Hyperbolic J u p i t e r  Approach 
Veloci ty ,  km/sec 7.06 
Radius of Closes t  Approach, 
J u p i t e r  Radi i  54.8 7 . 5  
Ar r iva l  Date 13 Feb. 1985 13 Feb, 1985 
A r r i v a l ,  Days Before Pe r ihe l ion  100 100 
Comet Brightness 
Nuclear Magnitude 
To ta l  Magnitude 
Distance From Ear th ,  AU 2.65 2.65 
Distance From Sun, AU 1.75 1.75 
I n t e r c e p t  Veloc i ty ,  km/sec 0.628 3.196 
Guidance AV Allowance, km/sec 0.200 0.200 
Rendezvous Payload, l b s  .f: 
Ti tan  3D/@entaur /~urne r  I1 1815 
T i t an  3F /Cen taur /~urne r  I1 2480 
F l i g h t  Time To Rendezvous, Years 4.16 
Retro Stage Propel lan t  i s  Space-Storable a t  400 see 1 
SP 
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FIGURE 9. JUPITER- ASSISTED COMET TUTTLE -GIACOBBNI - K R E S A K  
RENDEZVOUS M lSSlON PARAMETERS 
c h a r a c t e r i s t i c  precludes the  opportuni ty t o  rendezvous 1000 
pounds wi th  the  comet a t  100 days before  pe r ihe l ion .  An e a r l i e r  
d a t e  of 150 days before p e r i h e l i o n  provides about 1015 pounds 
of spacec ra f t  weight wi th  the  T i t a n  3F /Cen taur /~urne r  I1 launch 
v e h i c l e .  
The mission parameters f o r  rendezvous with T - G - K ~ ~ O  a t  
150 days before pe r ihe l ion  a r e  presented i n  Table 8 .  The e a r l i e r  
a r r i v a l  d a t e ,  probably necessary f o r  adequate payload, further 
degrades a l ready poor recovery c h a r a c t e r i s t i c s  f o r  t h i s  appa r i -  
t i o n .  The nuclear  magnitude of T-G-K a t  t h i s  time i s  2 1 - 4 ,  t o o  
f a i n t  f o r  earth-based de tec t ion .  Hence an on-board o p t i c a l  
t r acker  would be e s s e n t i a l  t o  the  rendezvous maneuver of t h i s  
mission. Miss d i s t ance  a t  J u p i t e r  i s  very l a r g e ,  i n  excess o f  
150 p l a n e t  r a d i i .  The f l i g h t  time of 4.52 years  i s  nominal f c ~ r  
b a l l i s t i c  comet rendezvous missions.  T - G - K / ~ O  does have a good 
opportuni ty f o r  earth-based observat ions.  The comet's predict:ed 
b r igh tness  i s  l e s s  than 12th  magnitude ( t o t a l )  from 50 days 
before pe r ihe l ion  t o  50 days a f t e r  (see Table 1, Sect ion 2)- A 
p o l a r  p l o t  of the  rendezvous t r a j e c t o r y  defined i n  Table 8 i s  
shown i n  Figure 10, 
3.2.4 ~ a l l e y / 8 6  Opportunity 
A typ ica l  s e t  of b a l l i s  t i c  t r a j e c t o r y  charac t e r i s  ties 
f o r  f ly-by  oppor tun i t i e s  t o  Ha l l ey ' s  Comet a r e :  
F l i g h t  time: 170 days 
Ar r iva l  : 60 dbp 
Launch v e l o c i t y ,  V,: 38,500 f t / s e c  
Approach v e l o c i t y :  55 ,5km/sec  . 
TABLE 8 
COMET TUTTLE- GIACOBINI -KRE SAKI 90 
JUPITER-ASS1 STED RENDEZVOUS MIS SION EXAMPLE 
Launch Date 
C h a r a c t e r i s t i c  Veloc i ty ,  f t l s e c  
In jec ted  Weight, I b s .  
T i t an  3DICentaur l~urner  II 
Ti t an  3FI~en taur lBurner  II 
Swingby Date 
Hyperbolic J u p i t e r  Approach 
Veloci ty ,  kmlsec 
Radius of Closes t  Approach, 
J u p i t e r  Radi i  
Ar r iva l  Date 
14 May 1985 
49590 
3 Jan.  1988 
19 Nov. 1989 
A r r i v a l ,  Days Before Perihelion 146.6 
Comet Brightness  
Nuclear Magnitude 
T o t a l  Magnitud.e 
Distance From Ear th ,  AU 
Distance From Sun, AU 
I n t e r c e p t  Veloc i ty ,  km/sec 
Guidance AV Allowance, km/sec 
Rendezvous Payload, l b s  .+i 
Titan  3~ICen taur lBurner  I1 
Ti tan  3FICentaurlBurner I P  
F l i g h t  Time To Rendezvous, Years 4 .52  
-- 
Retro Stage Prope l l an t  I s  Space-Storable a t  400 see I SP 
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From a p r a c t i c a l  miss ion  s t andpo in t ,  the  advantages  of  the  
r e l a t i v e l y  s h o r t  f l i g h t  time and low launch v e l o c i t y  a r e  ve ry  
much o f f s e t  by the  extremely h igh  approach v e l o c i t y ,  The f l y b y  
mode cannot  be d i r e c t l y  t r a n s l a t e d  i n t o  a rendezvous mode s i n c e  
a  r e t r o  maneuver of 55 km/sec i s  c l e a r l y  n o t  f e a s i b l e .  Hence, 
rendezvous can be accomplished on ly  by changing the  b a s i c  tra- 
j e c t o r y  des ign ,  The p e n a l t y  one must pay f o r  t h i s  i s  both  a 
longer  f l i g h t  time and a  h i g h e r  launch v e l o c i t y ,  
The g r e a t  d i f f i c u l t y  i n  ach iev ing  a  rendezvous wi th  
Hal ley  i s  t h a t  t h e  comet has  r e t r o g r a d e  motion w i t h  r e s p e c t  t o  
t he  sun and t h a t  i t  i s  moving v e r y  f a s  t n e a r  p e r i h e l i o n ,  A 
s p a c e c r a f t  launched from e a r t h  must,  a t  some p o i n t ,  have the  
sense  of  i t s  angu la r  momentum reve r sed .  Angular momentum 
changes a r e  most e f f i c i e n t l y  made a t  l a r g e  d i s t a n c e s  from the  
sun where the  s p a c e c r a f t  v e l o c i t y  i s  s m a l l .  Therefore ,  one 
p o s s i b l e  rendezvous mode i s  a s o - c a l l e d  aphe l ion  p u l s e  miss ion ,  
An example worked o u t  by Michielsen p r o j e c t s  the  aphe l ion  
d i s t a n c e  t o  7  au  r e q u i r i n g  a  t o t a l  f l i g h t  time of  n e a r l y  eight 
y e a r s ,  The r e v e r s a l  AV r e q u i r e d  a t  aphe l ion  i s  9 , 3  km/sec, and 
an a d d i t i o n a l  AV increment  i s  needed a t  the  rendezvous p o i n t ,  
The t o t a l  gV requirement  i n c l u d i n g  launch would be about  
30 km/sec . 
A second b a l l i s t i c  rendezvous mode which a l lows  a  sig- 
n i f i c a n t  r e d u c t i o n  i n  t o t a l  AV i s  ob ta ined  by r e p l a c i n g  the aph- 
e l i o n  p u l s e  requirement  w i th  a  g r a v i  t y - a s s i s  t a t  e i t h e r  Jupiter 
o r  Sa turn  (Michielsen,  I358 j , Table 9  summarizes the  t r a j  ec tory 
and payload c h a r a c t e r i s t i c s  ~f  S a t u r n - a s s i s  t miss ions  launched i n  
1973 and 1974 and J u p i t e r - a s s i s t  m i s s ions  launched i n  1977 o r  
1978, Although the  S a t u r n - a s s i s t  r e s u l t s  i n  bo th  a  lower launch 
v e l o c i t y  and a r r i v a l  v e l o c i t y  impulse,  the  requirement  of  such 
an e a r l y  launch and long f l i g h t  time (11 - 12 y e a r s )  probably 
p rec ludes  i t  from f u r t h e r  c o n s i d e r a t i o n ,  Of the  two J u p i t e r -  
a s s i s t  miss ions  o p p o r t u n i t i e s ,  t he  1977 launch has  the  advantage 
COMET HALLEY186 
GRAVITY-ASS1 STED RENDEZVOUS MI S SION EXAMPLES 
Launch Date 30 APR 73 14 SEP 74 13  SEP 77 
Charac, Ve loc i ty ,  km/sec 57500 58600 54400 
I n j e c t e d  Weight, l b s .  
In t -20/Centaur  4200 3400 6700 
I n  t-20/Cew t a u r  (I?) /Kick 8700 7800 11800 
Sa turn  VICen t a u r  12800 11300 18100 
Grav i ty -Ass i s t  Maneuver 
Swingby Body Saturn Sa turn  J u p i t e r  
Swingby Date 19 J A N  76 16 J A N  77 16 SEP 78 
Swingby Radius,  R (Body) 5 ,44  4.08 7,87 
A r r i v a l  Date 18 APR 85 2 1  J U N  85 27 MAY 85 
Time of A r r i v a l ,  DBP 293 229 254 
Comet Br igh tnes s  
Nuc l e a r  Magni tude 18,O 1 7 , 3  87,6 
To t a l  Magnitude 1 6 , 6  1 5 , 5  1 6 , 1  
Dis tance  From Ear th ,  au  4 , 5 5  4 , 5 1  4 ,64  
Dis tance  From Sun, au  4 ,20  3 ,52 3 .79 
I n t e r c e p t  Ve loc i ty ,  km/sec 4 , 4 3  4 ,93  5 , 8 3  
Midcourse QV, kmlsec 0 ,60 0 ,60 0 ,60 
sv- 
*\ Rendezvous Payload,  l b s  , 
Int-201Centaur 1230 965 390 
I n  t-20/Centaur (F) /Kick 2210 1785 915 
Sa turn   en t a u r  3555 2885 1430 
F l i g h t  Time, Years 18.7 10 ,8  7 ,7  
Sup2 t e r  
14 OCT 79 
4,96 
-1, ,. 
Two-Stage R e t r s  P r o p e l l a n t  I s  Space-Storable  With I = 400 Sec 
s  P 
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of lower energy requirements  and, hence,  l a r g e r  payload capa- 
b i l i t y .  The t r a n s f e r  geometry f o r  t h i s  oppor tun i ty  i s  i l l u s -  
t r a t e d  i n  F igure  11, Note t h a t  the  r e l a t i v e l y  e a r l y  a r r i v a l  
d a t e  means poorer  ea r th -based  recovery  and t r ack ing  c o n d i t i o n s  
f o r  o r b i t  de te rmina t ion  p r i o r  t o  rendezvous. However, ad- 
d i t i o n a l  t r a j e c t o r y  d a t a  sugges t s  t h a t  the  a r r i v a l  d a t e  can be 
v a r i e d  over  s e v e r a l  months w i thou t  i n c u r r i n g  an impulse penalty 
of g r e a t e r  than 100 m/sec. 
The payload c a l c u l a t i o n s  assume t h a t  the  sum of t h e  
guidance and a r r i v a l  impulses a r e  s p l i t  e q u a l l y  between h70 
propu l s ion  s t a g e s ,  each o p e r a t i n g  w i t h  space - s to rab le  p r s p e l -  
l a n t s  (I = 4C3 sec )  . ReaEis t i c  i n e r t  mass f r a c t i o n s  a r e  
SP 
taken i n  t o  account .  The rendezvous payload r e p r e s e n t s  the 
t o t a l  s p a c e c r a f t  weight  d e l i v e r e d  t o  the  Hal ley  o r b i t  of which 
about  10-20 p e r c e n t  i s  a v a i l a b l e  f o r  exper imenta l  s c i e n c e ,  
Assuming t h a t  the  rendezvous payload should be on the  o rde r  of  
1000 pounds, i t  i s  seen t h a t  the  Saturn ~ I ~ e n t a u r  launch v e h i c l e  
would be r e q u i r e d  t o  accomplish the  J u p i t e r - a s s i s t e d  Hal ley  
miss ion.  The v e r y  h igh  energy SIC/ SIVB/Cen t a u r  ( F ) / ~ i c k  (15M) 
v e h i c l e  might be an a l t e r n a t i v e  w i th  915 pounds payload 
c a p a b i l i t y  i f  the  Sa turn  V i s  u n a v a i l a b l e ,  
A t h i r d  v a r i a t i o n  of the  b a l l i s t i c  f l i g h t  mode, 
u t i l i z i n g  a  powered maneuver a t  the  J u p i t e r  swingby, was i n v e s t i -  
g a t e d  i n  an a t t empt  t o  reduce the  launch v e h i c l e  requirement  
(Kruse, 1968).  The r e s u l t s  showed t h a t  a 1  though the  launch 
v e l o c i t y  and a r r i v a l  v e l o c i t y  impulse were both reduced,  the 
neces sa ry  powered maneuver of  6.29 km/sec a t  J u p i t e r  caused the  
t o t a l  p ropu l s ive  requirement  to  i n c r e a s e .  Hence, the  b a s i c  
unpowered g r a v i t y - a s s i s t  a t  J u p i t e r  remains the  b e s t  mode f o r  
ach iev ing  a  Hal ley  rendezvous wi th  adequate  b a l l i s t i c  s p a c e c r a f t ,  
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3.2.5 Surmnary of P r a c t i c a l  Gravity-Assis ted Missions 
Inves t iga t ion  of the  g r a v i t y - a s s i s t e d  b a l l i s t i c  f l i g h t  
mode, a s  appl ied  to  comet rendezvous missions,  was undertaken 
with the  purpose of extending the number of u s e f u l  o r  f e a s i b l e  
missions and improving the  pay load / f l igh t  time r e s u l t s  over those 
which were obtained f o r  the  impulsive unass is ted  mode and reported 
i n  Sect ion 3.1.  With the exception of the  Halley/86 case ,  t h i s  
e f f o r t  has n o t  been p a r t i c u l a r l y  successfu l .  I f  the  marginal 
cases  of Honda-Mrkos-~ajduskova/85, which cannot be successful-ly 
observed from the  e a r t h ,  and ~ u t  t l e -Giacob in i -~ resak /90  which 
i s  d i f f i c u l t  t o  observe p r i o r  to rendezvous f o r  guidance purposes, 
a r e  disregarded,  only the d%rres t /82  case remains. 
The improvement of the g r a v i t y - a s s i s t e d  mode over the 
unass i s t ed  impulsive mode f o r  the d 1 ~ r r e s t / 8 2  rendezvous miss j -on 
c o n s i s t s  of payload increases  on the  order  of 100 t o  200 pounds 
and f l i g h t  time savings of about 1 t o  2 months. A choice b e t ~ ~ e e n  
these  two modes would probably depend upon f a c t o r s  which were 
n o t  considered i n  t h i s  study such a s  launch window and gufdantwe 
problems and the  p o s s i b l e  use of the  J u p i t e r  swingby f o r  an 
a d d i t i o n a l  mission purpose. 
The ~ a l l e y / 8 6  swingby a n a l y s i s  cons i s t ed  of verifying 
e x i s t i n g  r e s u l t s  and updating payload computations wieh new 
es t imates  of propulsion parameters.  B a l l i s t i c  missions t o  
~ a l l e y / 8 6  a r e  f e a s i b l e  bu t  w i l l  involve extremely long flight 
times of from 7 t o  8 years .  
To summarize the  b a l l i s t i c  f l i g h t  mode r e s u l t s ,  Rive 
mission oppor tun i t i e s  have been i d e n t i f i e d  wi th  acceptable  
payload (1000 pounds) and f l i g h t  time (< 5 years)  c h a r a c t e r i s t i c s  
wi th  the T i t an  3 ~ I C e n t a u r l ~ u r n e r  I1 launch veh ic le .  These a r e  
d1Arres t /82 ,  Kopff/83, Temple-2/88, Forbes193 and ~ o p f f f 9 6 ,  
Several  o the r  comets, most notably  Encke a r e  a l s o  i n t e r e s t i n g  
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rendezvous mission candidates  i f  the  l a r g e r  T i t an  3 ~ I C e n t a u r  
becomes a v a i l a b l e .  Subs tan t i a l  improvements i n  the payload/ 
f l i g h t  time c h a r a c t e r i s t i c s  of the J u p i t e r - a s s i s t e d  comet 
rendezvous oppor tun i t i e s  s tudied  d id  n o t  m a t e r i a l i z e .  The use 
of low- thrus  t propulsion i s  considered i n  the following see t i o n s  
a s  an a l t e r n a t e  propulsion system f o r  increas ing  payload a n d / o r  
decreasing f l i g h t  time. 
3 .3 Nuclear-Electr ic  Low-Thrus t Mode 
The app l i ca t ion  of e l e c t r i c  propulsion t o  deep space 
missions may be viewed as  providing a  high performance upper 
s t a g e  c a p a b i l i t y  a s  an a l t e r n a t i v e  t o  chemical propulsion 
systems. I n  opera t ion ,  the t r a j e c t o r y  v e l o c i t y  requirements 
a r e  a t t a i n e d  a t  ve ry  low t h r u s t  acce le ra t ion  t o  10-3 
2 m/sec 3 over a  s i g n i f i c a n t  f r a c t i o n  of the t o t a l  f l i g h t  t i m e ,  
bu t  wi th  a  high p rope l l an t  s p e c i f i c  impulse (3,000 t o  10,000 
seconds). This r e s u l t s  i n  a  smaller  p rope l l an t  mass f r a c t i o n  
t o  achieve a  given t o t a l  v e l o c i t y  impulse a s  compared t o  chemica% 
propulsion.  The low-thrust  spacec ra f t  has the  inherent  advantages 
of f l i g h t  pa th  f l e x i b i l i t y  and c o n t r o l  of terminal  cond i t ions ,  
Hence, i t  i s  p a r t i c u l a r l y  we l l  s u i t e d  f o r  rendezvous wi th  c o n e t s  
of high e c c e n t r i c i t y  and i n c l i n a t i o n ,  
The a v a i l a b i l i t y  of r e l i a b l e  (long opera t iona l  lifetime) 
and s u f f i c i e n t l y  l ightweight  powerplants i s  the  key to  realizing 
the performance p o t e n t i a l  of e l e c t r i c  propulsion.  One a rea  o f  
technology development i s  n u c l e a r - e l e c t r i c  powerplants w h e r e i n  
a  nuclear  thermionic system i s  u t i l i z e d  t o  genera te  the power 
necessary t o  opera te  the  ion t h r u s t e r s .  The n u c l e a r - e l e c t r i c  
f l i g h t  mode i s  cha rac te r i zed  by cons tant  power l e v e l  thro~lghout  
the f l i g h t  independent of  the spacec ra f t  d i s t ance  from the sun, 
Nuc lea r -e lec t r i c  propulsion may reach a  f l i g h t  readiness  skacqds 
by the  e a r l y  o r  mid-19801ss. Hence, a  poss ib le  app l i ca t ion  
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e x i s t s  f o r  f u t u r e  comet rendezvous missions,  p a r t i c u l a r l y  the 
~ a l l e y / 8 6  opportuni ty.  
Nuclear -e lec t r ic  low-thrust  t r a j e c t o r i e s  f o r  comet 
rendezvous missions were generated by a  computer program based 
on a  Newton-Raphson, f  i n i t e - d i f f e r e n c e  algori thm (Ragsac, 1967). 
Three-dimensional, e l l i p  t i c a l  o r b i t s  a r e  assumed f o r  both eart:Ha 
and the  t a r g e t  comet of i n t e r e s t .  I n  obta in ing  the t r a j e c t o r y  
d a t a ,  the  a r r i v a l  d a t e  a t  the comet was f ixed ( t y p i c a l l y ,  
s e v e r a l  month" before  pe r ihe l ion)  and the launch da te  was 
v a r i e d  t o  r ep resen t  a  range of f l i g h t  times. The propulsion 
system i s  assumed t o  opera te  a t  cons tant  t h r u s t  and cons tant  
j e t  v e l o c i t y  ( s p e c i f i c  impulse),  b u t  a  coas t  period i s  a l l o w e d  
i f  required by the  opt imizat ion condi t ions .  Low-thrust p r o p i i -  
s ion  i s  i n i t i a t e d  ou t s ide  of the  e a r t h ' s  sphere of inf luence  
a f t e r  a  high t h r u s t  launch and i n j e c t i o n  t o  a  se lec ted  hyperbol ic  
excess v e l o c i t y  (VHL). VHL i s  a  parameter of the payload 
opt imiza t ion  and may be considered f r e e l y  s e l e c t a b l e .  
Each t r a j e c t o r y  between a  given launch and a r r i v a l  da te  
i s  optimum i n  the  sense of minimum prope l l an t  expenditure o r ,  
equ iva len t ly ,  minimum valve  of the  t r a j e c t o r y  energy parameter 
J = '  2 2 a  ( t )  d t  , m /sec  3 
where tf i s  t h e  h e l i o c e n t r i c  f l i g h t  time and a ( t )  i s  the t h r u s t  
acce le ra t ion  magnitude. Thrust  d i r e c t i o n  i s  n o t  cons t ra ined ,  
bu t  r a t h e r  i s  allowed to  take on i t s  optimum value  a t  a11 points 
along the t r a j e c t o r y .  The acce le ra t ion  time h i s t o r y  may be 
r e l a t e d  t o  the propulsion sys tem parameters:  t h r u s t  (F) , 
e l e c t r i c  power r a t i n g  (Pe) , power conversion e f f i c i e n c y  ( q )  , 
s p e c i f i c  impulse ( I ~ ~ )  o r  j e t  v e l o c i t y  (c) , i n i t i a l  spacec ra f t  
mass (mo), and p r o p e l l a n t  mass flow r a t e  ( ~ 5 ~ ) :  
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Pe = - Fc , wat t s .  
2rl 
The cons tant  go i s  equal t o  e a r t h ' s  sur face  g r a v i t y ,  9.8066 
2 
m/sec . It i s  understood t h a t  a  = F = 61 = 0 during a t r a j e c -  P  
to ry  c o a s t  per iod.  Power conversion e f f i c i e n c y  i s  equal t o  the 
product of power condi t ioning e f f i c i e n c y  (l?pC) and t h r u s t e r  
e f f i c i e n c y  (qT) 
where qT v a r i e s  wi th  the  s p e c i f i c  impulse design po in t .  
Figure 12 shows the t h r u s t e r  e f f i c i e n c y  curve assumed i n  $be 
present  ana lys i s .  This  e f f i c i e n c y  pro jec ted  t o  the  post-1980 
s t a t e - o f - t h e - a r t  i s  somewhat more o p t i m i s t i c  than t h a t  obtakned. 
from presen t  genera t ion  t h r u s t e r s .  The power condi t ioning  
e f f i c i e n c y  i s  assumed t o  be 93 percent .  
I n i t i a l  spacec ra f t  mass i s  a  funct ion  of the launch 
v e h i c l e  s e l e c t i o n  and the launch hyperbol ic  v e l o c i t y .  The 
t h r e e  launch veh ic les  considered a r e  the Ti tan  3 ~ / ~ e n t a u r ,  
T i  tan 3F/Cen t a u r ,  and Intermedia te-20 Saturn. The i n j  cc t ed  
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FIGURE 12, W W E R  CONVERSION EFFICIENCY ASSUMED IN ANALYSIS* 
launch veh ic le  w e i g h t  i s  assumed t o  b e  equiva lent  to  the i n i t i a l  
g ross  weight of Lhe e l e c t r i c  spacec ra f t .  
The i n i t i a l  mass i s  def ined as  cons i s t ing  of the sum 
of the  following masses: propulsion system (m ) ,  prope l l an t  P  s  
(mp) tankage (mt) and n e t  spacec ra f t  mass o r  n e t  payload (m,) 
For n u c l e a r - e l e c t r i c  powerplants , m would c o n s i s t  of the  
P  s  
r e a c t o r ,  r a d i a t i o n  s h i e l d ,  r a d i a t o r s ,  power conversion and 
condi t ioning  equipment, e l e c t r i c  t h r u s t o r s  , and i n t e g r a t i n g  
s t r u c t u r e .  Net payload, mn, includes the  sc ience  payload, 
communication and da ta  processing equipment, and guidance and 
c o n t r o l  equipment. The tankage mass i s  taken to  be p r o p o r t i ~ o a l  
t o  the  p rope l l an t  mass: 
and i s  t y p i c a l l y  est imated t o  be 3 t o  10 percent  of m (k., = 
P t 
0.06 i s  assumed i n  the subsequent payload a n a l y s i s ) .  
A convenient f i g u r e  of m e r i t  of e l e c t r i c  propulsio~n 
technology i s  the propulsion system s p e c i f i c  mass a 
P" ' 
The a c t u a l  v a r i a t i o n  of propulsion system mass with the  power 
r a t i n g  i s  a s  y e t  no t  p r e c i s e l y  defined f o r  f u t u r e  nuclear -  
e l e c t r i c  systems, although the re  does e x i s t  good es t imates  of 
m a t  d i s c r e t e  power design p o i n t s .  It  i s  known t h a t  m 
P  s I?" 
decreases  a s  Pe decreases  but  probably approaches some f ixed  
minimum value  even as  Pe goes t o  zero.  For the  purpose o f  this 
a n a l y s i s ,  i t  w i l l  be assumed t h a t  mass i s  l i n e a r l y  r e l a t e d  LO 
power i n  the  following way: 
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A l t e rna t ive ly ,  then, the  s p e c i f i c  mass of the propul- 
s ion  system v a r i e s  inve r se ly  but  asympotically with power: 
Figure 13 shows two curves of aps versus  Pe which a r e  assumed 
f o r  the  payload ana lys i s .  The cons tants  kl and k were 2 
determined from r e c e n t l y  est imated s p e c i f i c  mass d a t a  a t  power 
design po in t s  of 100 kw and 300 kw (Davis, 1969). The lrlorninal 
o r  e a r l y  technology es t imates  a r e  based on cur ren t  design 
concepts , m a t e r i a l s  and l abora to ry  development of thermionic 
r e a c t o r  systems. Advanced technology es t imates  pro jec ted  to rhe 
post-1975 period o f f e r  weight reduct ions  in  a l l  subsys terns bu t 
p r i n c i p a l l y  i n  the  a reas  of power condi t ioning ,  r a d i a t o r  and 
s  t r u c  Cure, 
Performance a n a l y s i s  of e l e c t r i c a l l y  propel led  
spacec ra f t  i s  somewhat complicated by the interdependence o f  
numerous t r a j  ec to ry  and propulsion sys tem parameters a s  outlined 
above. However, a  s u i t a b l e  l i n k  between these  parameters i s  
provided by the  t r a j e c t o r y  energy parameter J. The r e l a t i o n s h i p  
between J and spacec ra f t  mass i s  given by: 
- m - m  
0 P 
where m i s  the f i n a l  gross  mass a t  t = t Clea r ly ,  f o r  given f f "  
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FIGURE 13. PROPULSION SYSTEM TECHNOLOGY CURVES 
ASSUMED FOR NUCLEAR-ELECTRIC SPACECRAFT 
values  of mo, Pe and Q ,  a  minimum J t r a j e c t o r y  y i e l d s  a  m a x i m u m  
va lue  of mf .  
The va lue  of J obtained f o r  operat ion a t  constant  
t h r u s t  and s p e c i f i c  impulse over a  given t r a j e c t o r y  depends 
upon the propulsion parameters P  and I 
e  
and on the  launch 
SP ' 
hyperbol ic  v e l o c i t y  VHL. Assume f o r  the moment a  spec i f i ed  
va lue  of VHL. Then, f o r  a  given va lue  of Pe, the re  i s  some 
optimal I which r e s u l t s  i n  a  minimum J f o r  t h a t  Pe. To a SP 
very  good approximation t h i s  minimum J i s  i n v a r i a n t  wi th  Pe 
providing the corresponding optimum I i s  chosen, Again, eo 
s  P  
a  good approximation, a  second i n v a r i a n t  of the optimum trajec- 
t o ry  i s  the  so-ca l led  c h a r a c t e r i s t i c  length  E ( ~ o l a ,  1964). A s  
modified, (Mascy, 1969), the c h a r a c t e r i s t i c  length  of rendezvous 
t r a j e c t o r i e s  i s :  
where t i s  the  t o t a l  propulsion time ( t  - t f )  and a  i s  the  
P  P  - o 
i n i t i a l  t h r u s t  acce le ra t ion ,  The impl ica t ion  of assuming t h a ~  
J and L a r e  i n v a r i a n t  along an optimal t r a j e c t o r y  i s  t h a t  the 
time consuming process  of t r a j e c t o r y  opt imizat ion need n o t  be 
repeated f o r  d i f f e r e n t  propulsion system parameters. I n  o the r  
words, f o r  given va lues  of VHL and t f ,  the  optimum t r a j e c t o r y  
parameters (J, L) a r e  computed only once using any reasonable 
s e t  of propulsion system parameters.  The payload ana lys i s  may 
then be performed af terwards u t i l i z i n g  the a lgebra ic  expres- 
s ions  given above. V a l i d i t y  checks on t h i s  method of 
approximation show t h a t  the  n e t  payload mn r e s u l t s  a r e  accurs i e  
t o  wi th in  a  few percent .  The subsequent payload ana lys i s  f o r  
the  Halley rendezvous opportuni ty w i l l .  show the  e f f e c t  of VHL 
and Pe on maximizing m 
n "  
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3 . 3 . 1  ~ a l l e y / 8 6  Opportunity 
The a r r i v a l  da te  a t  Ha l l ey ' s  Comet was se lec ted  t o  b e  
November 24, 1985 which i s  55 days before the pe r ihe l ion  passage,  
A t  t h i s  p o i n t  the  geocent r ic  d i s t ance  i s  near  minimum and the 
comet br ightness  a s  seen from e a r t h  i s  about 4 t h  magnitude, A 
range of launch da tes  i n  1983-84 represent ing  a  f l i g h t  time 
v a r i a t i o n  of 500 t o  1000 days was inves t iga ted .  
Figure 14 shows a  r e p r e s e n t a t i v e  minimum J versus  flighk 
time charae t e r i s t i c  f o r  a  f ixed  value of launch hyperbolic velo- 
c i t y .  The lower curve,  shown f o r  re ference  purposes,  g ives  Ahe 
v a r i a b l e  t h r u s t  so lu t ion .  This  y i e l d s  the  i d e a l  optimum 
performance but i s  imprac t i ca l  from a propulsion system 
s tandpoint  s ince  the t h r u s t  and s p e c i f i c  impulse a r e  required 
t o  vary  over a  wide range. The cons tant  t h r u s t  s o l u t i o n  shown 
by the  upper curve has a  t y p i c a l  pena l ty  of about 15 pe rcen t ,  
General ly ,  J was found &o decrease wi th  increas ing  f l i g h t  t l m e  
over the range of times considered. However, the re  a r e  small 
anomalies i n  t h i s  genera1 t rend which may be a t t r i b u t e d  t o  slhe 
geometric conf igura t ion  of the e a r t h  launch p o s i t i o n  and the 
Halley p o s i t i o n  a t  the  f ixed  a r r i v a l  d a t e ,  The e a r t h ' s  p e r i c d  
of 365 days appears t o  be c o r r e l a t e d  wi th  these  anomalies, 
Figure 15 shows the  e f f e c t  of the  launch hyperbol ic  
v e l o c i t y  on the  J requirements f o r  seve ra l  f ixed  f l i g h t  t i m e  
t r a j e c t o r i e s ,  Since a  l a r g e r  VHL means t h a t  more energy is 
a l l o c a t e d  t o  the h igh- th rus t  escape phase of %he mission,  the 
low- t h r u s t  energy requirements decrease a s  shown, For the s h o r  E 
2 f l i g h t  of 540 days, J v a r i e s  between 56 and 49 m /sec3 as VHL 
v a r i e s  between 0 and 5 km/sec. The corresponding range o f  S f o r  
2 3 the longer f l i g h t  of 940 days i s  21.4 t o  17 ,2  m / sec  , It i s  
noted t h a t  the  r e s u l t s  f o r  the  850-day t r a j e c t o r y  appear quite 
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FLIGHT TIME, DAYS 
FIGURE 14. REPRESENTATIVE J REQUIREMENTS FOR LOW THRUST 
RENDEZVOUS WITH HALLEV" COMET, 
FIGURE 15. EFFECT OF LAUNCH HYPERBOLIC VELOClTf lON 
J REQUIREMENTS FOR HALLEY RENDEZVOUS, 
ARRIVAL 11/24/85. 
d i f f e r e n t  inasmuch as  the v a r ~ a k i o n  of J with VHL i s  more ikars 
a  f a c t o r  of 2 ,  and t h a t  Phe 850 day f l i g h t  r equ i res  a  smaL4e-r J 
than the  940 day flighsc: when VHL 2 4 . 3  km/see, This Imexpee~ed 
behavior was checked and v e r i f i e d  by another independent t r a j  ec - 
t o ry  opt imizat ioa program, An apparent expPanatfsn of thli; 
r e s u l t m a y  be o f fe red  wi th  the he lp  of  Figure 16 which shows 
how the e a r t h B s  long i tud ina l  pos i t ion  a t  Paunch f o r  varierales 
f l i g h s  times i s  s i t u a t e d  wi th  r e spec t  t o  the a r r i v a l  posit-on 
a t  the come%. For &he sake o f  definition, we w i l l  r e f e r  {Lo 
t r a j e c t o r i e s  whose i n i t i a l  motion i s  outward from the  eareL 
and whose t o t a l  t r a v e l  angle is l e s s  than 360" as  d i r e c t  -
krcj ee t o r i e s .  Those t r a j e c t o r i e s  which initially go inwaro 
toward the sun and nay (but n o t  n e c e s s a r i l y )  %ravel  more ma? 
one revo lu t ion  a r e  r e f e r r e d  t o  a s  i n d i r e c t  t r a j e e  Lorfes,  Of  
the s i x  launch positions indbcated,  the 640, 690 and 740-dag 
missions a r e  t n d i r e c t  t ra jec  t o r i e s ,  A skekch of tk 690 t r a j e k -  
Lory i s  shown, The 540, 850 and 940-day f l i g h t s  were c a r n p ~ t e c  
as  direcE t r a j e c  t s r i e s ,  Now, as  to the explanat ion ,  ic appears 
Fhae the re  i s  a minimum J t r a j e c t o r y  mode change which takes 
p lace  a t  some f l i g h t  time r n  Lhe v i c i n i e y  sf 850 days"  It I - 
t he re fo re  hypothesized &hak t he re  show Ed e x i s t  ( f o r  lower 
values of: VHL) an indi rec  t 850 day f l i g h t -  having a smaller 
requiremenk than the  d i rece  f l i g h t "  Krese descr ibes  an 855 d a ~  
i n d i r e c t  f l i g h t  t o  Plahley (for VHL = 0 )  which t e n d s  to ver ~ f y  
chis hypothesis (Kruse, l9&$) ,  There i s  a  weed f o r  a Eurerne t*  
d e f i n i t i v e  ana lys i s  s f  the  two k r a j  ec tory modes, 
Figures  1 7  Chrough 20 i f l u s t r a C e  t h e  low tkrusc 
t r a j e c t o r y  shapes f o r  f l i g h e  times of 540, 640, 858 and 940 
days,  Thrust  d i r e c t i o n  Fs ind ica ted  by the arrows a t  severdl  
po in t s  along the t r a j e c t o r y .  . I t  i s  noted t h a t  the t h r u s t .  seceor 
r o t a t e s  slowly r e l a t i v e  t o  an i n e r t i a l  coordinate  frame, Lr a1 
cases  angular momentam r e v e r s a l  occurs a t  o r  near  the a p h e i l l *  
d i s t ance  of the t r a j e c t o r y  which i s  about 2 , 5  au on the 540-dsy 






@ EARTH LAUNCH POSITION FOR 
INDICATED FLIGHT T IME 
FIGURE 16. LAUNCH-ARRIVAL PQSlTlOM QEOIBWE"$R FOR 
RENDEZVOUS TRAJECTORIES TO HALLEV'S 
COMET. 
RENDEZVOUS 
( 1  1 / 24 /85)  
EARTH 
LAUNCH (6/2/54) 
FIGURE 17. 540-DAY RENDEZVOUS TRAJECTORY TO HALLEV" COMET* 
NUCLEAR-ELECTRIC LOW-THRUST FLIGHT MODE. 
V H L  = 3k rn / sec  
\ \ 
FIGURE 18. 640-DAY RENDEZVOUS TRAJECTORY TO HALLEV'S 




VHL = 4 km/acc I 
1 
FIGURE 19. 850-DAY RENDEZVOUS TRAJECTORY TO I-IALLEY" COMET, 
NUCLEAR-ELECTRIC LOW-THRUST FLIGHT MODE 
LAUNC tl(4/29/83? 1 
VHL = l km/csc I 
FIGURE 20. 940-DAY RENDEZVOUS TRAJECTORY TO HALLEV" COMET, 
NUCLEAR-ELEC"6RIC LOW-THRUST FLlGHT MODE 
f l i g h t  and 3.5 au on the  940-day f l i g h t .  
The e f f e c t  of  power r a t i n g  and launch hype rbo l i c  
v e l o c i t y  on t he  n e t  payload op t imiza t ion  i s  i l l u s t r a t e d  i n  
F igure  2 1  f o r  the  940-day f l i g h t  u t i l i z i n g  the  T i t a n  3 ~ / ~ e n t a u r  
launch v e h i c l e  and t h e  advanced e l e c t r i c  p ropuls ion  technology,  
Optimum performance occurs  a t  about  VHL = 1 km/sec and Pe = 
160 kw y i e l d i n g  a maximum n e t  payload of 4300 pounds. The 
l a r g e s t  payload a v a i l a b l e  a t  some off-optimum power r a t i n g  i s  
given by t h e  upper envelope of t he  VRL curves .  For example, a t  
Pe = 100 kw t h e  optimum VHL and mn a r e  2 km/sec and 3800 pounds, 
r e s p e c t i v e l y .  A t  Pe = 40 kw, t he  maximum payload a v a i l a b l e  f a l l s  
o f f  t o  about 1400 pounds a t  VHL = 5 km/sec. One of t h e  advan- 
t ages  of  employing a reduced power r a t i n g  may be  t h e  lower  c o s t  
as soc i a t ed  w i th  developing the  powerplant ,  Another i s  the multi- 
mission a p p l i c a t i o n s  o f  an e l e c t r i c  p ropuls ion  s p a c e c r a f t  u t f l i z i 7 g  
a f i x e d  des ign  powerplant ,  Hence, power r a t i n g  and payload cou ld  
become important  t r a d e o f f  parameters  i n  f u t u r e  miss ion  s t u d i e s ,  
F igures  22a, b and c show t h e  maximum payload c a p a b i l t t y  
a s  a func t ion  of power r a t i n g  f o r  each of t h e  launch v e h i c l e s  
cons idered ,  t h e  two assumed l e v e l s  of p ropu l s ion  system technology, 
and f l i g h t  t imes of  540, 640, 850 and 940 days .  These r e s u l t s  
assume approximately opt imumvalues  o f  VHL and I f o r  each power 
s P 
r a t i n g .  Typ ica l l y ,  t h e  range of optimum VHL i s  0-6 km/see where 
t he  h igher  v e l o c i t i e s  a r e  a s s o c i a t e d  w i t h  low power ra t in .g ,  The 
range of optimum I i s  4000 - 14,000 seconds where t h e  l o w e r  
SP 
va lues  of I a r e  a s s o c i a t e d  w i t h  low power r a t i n g .  A t  the 
s P 
optimum power p o i n t s  t h e  range of I i s  much narrower ,  5000 - SP 9000 seconds.  It i s  no ted  t h a t  t h e  T i t a n - c l a s s  launch v e h i c l e s  
p rov ide  marginal  o r  van i sh ing  payload f o r  t h e  s h o r t e r  f l i . gh t s  t o  
H a l l e y ' s  Comet. On t h e  o t h e r  hand, t h e  In te rmedia te -28  Saturn 
launch v e h i c l e  would n o t  be r e q u i r e d  a t  longer  f l i g h t  times 
s i n c e  de l i ve red  payload becomes exces s ive  f o r  a  rendezvous 
miss ion.  Another p o i n t  t o  be noted i s  the  v e r y  s i g n i f i c a n t  
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LAUNCH VEHICLE : TITAM ?IF/CENTAUR 
7 15 
TECHNOLOGY LEVEL ; ADVANCED 8 a =  13 4- -- kg/kw@ S 
POWER EFFICENCV : n 0.93 ; C I# kmisclc 
I + ( r o / ~ ) ~  
TANKAGE FACTOR : K t  ' 0.06 
FIGURE 21. MYLOAD OP"TIMISIATI8N FOR 948 DAY RENDEZVOUS 
TRAJECTORY TO HALLEV'S CCBMT WITH NUCLEAR-ELECVWlC 
SPACECRAFT, ARRIVAL B IP24/85 
7?00 
---- NOMLNAL TECHNOLOGY ff 
C I G U R E  220.  PAYLOAD CAPABILITY OF NUCLEAR-ELECTRIC SP*&CE- 
CRAFT FOR RENDEZVOUS M!SSION 10 HALLEY'S 
COMET, A R R I V A L  11/24/85, TITAN 314/CENTAUR LAUNCH 
VEHICLE 
ADVANCED TECHNOLOGY a 
FLIGHT 
T"E 
POWER RATING Pe, kwe 
FIGURE 22b. PAYLOAD CAPABILITY OF NUCLEAR-ELECTRIC SPACE- 
CRAFT FOR RENDEZVOUS MISSION TO HALLEY'S COMET, 
ARRIVAL I ! /  24/85? TITAN 3F/CENTAUR LAUNCH VEH1CL.E 
NOMINAL TECHNOLOGY a 
I 
I 
POWER RATING la@, k w ~ ,  
FLIGHT 
TIME 
FIGURE 22 c. PAYLOAD CAPABILITY OF NUCLEAR-ELECTRIC SPACE- 
CRAFT FOR RENDEZVOUS MISS!ON TO HALLEV'S COMET, 
ARRIVAL 11/;84/$3, slc/slve LAUNCH VEHICLE 
e f f e c t  of the  propulsion system s p e c i f i c  mass, For example, t.ile 
Titan. 3FlCentaur employed f o r  the 940-day f l i g h t  y i e l d s  a maxi-mum 
payload of 4300 pounds i f  the advanced technology i s  assumed, 
The payload i s  reduced t o  1650 pounds i f  the nominal technology 
i s  assumed. 
Table 10 summarizes the  payload c a p a b i l i t y  of the  
n u c l e a r - e l e c t r i c  f l i g h t  mode f o r  Halley rendezvous assvmrng 'chat 
a l l  propulsion system parameters a r e  optimized. A t e n t a t i v e  b u t  
conservat ive mission s e l e c t i o n  would assume the nominal p r o p u l -  
s ion  system technology, the  T i t an  3F/Centaur launch v e h i c l e  said 
the 940-day f l i g h t  time. The e l e c t r i c  spacec ra f t  would b e  
launched t o  a  s l i g h t l y  hyperbolic escape t r a j e c t o r y ,  and operate 
a t  a  s p e c i f i c  impulse of about 7200 seconds and a  power rating 
of 140 kw (a = 58 lbs/kwe) . The n e t  spacec ra f t  weight a t  comeh 
Ps 
rendezvous would be 1650 pounds of which 200-300 pounds should 
be a v a i l a b l e  f o r  the sc ience  experiments. U t i l i z a t i o n  o f  the 
l a r g e  power source i s ,  of course,  an added bonus, To take 
advantage of t h i s  performance p o t e n t i a l  f o r  the  very  exef t i n g  
Halley mission opportuni ty , the nuclear -e lec  t r i c  spacec ra f t  
would have to  be developed and made opera t iona l  by the early 
1980 3 s. 
A l i m i t e d  t r a j e c t o r y  a n a l y s i s  of the  1990 Comet Encke 
rendezvous o p p o r t m i t y  has  been performed i n  order  t o  compare 
n u c l e a r - e l e c t r i c  propulsion with the  o the r  propulsion m o d e s  E l ~ r  
a  shor t -per iod  comet. Several  f l i g h t  times between 400 and 600 
days were inves t iga ted ,  The J requirements of the  500 an3 600- 
2 day f l i g h t s  were n e a r l y  the same --  about 18.8 m /sec3 and 
2 16.4 m / sec2 ,  r e s p e c t i v e l y ,  f o r  VHL = 2 krn/sec. A very high : 
2 
requirement of 61 m /sec3 was found f o r  the  400-day f l i g h t .  Pay- 
load c a p a b i l i t i e s  f o r  a  500-day f l i g h t  a r e  presented (Figure 2%) 
l i T  R E S E A R C H  I N S T I T U T E  
75 
TABLE 10 
POWER AND PAYLOAD SUMMARY 
FOR 
-
NUCLEAR-ELECTRIC LOW-THRUST HALLEY RENDEZVOUS M/SSIONS ' 
NOMiNAL PROPULSION- SYSTEM TECHNOLOGY : 
T ITAN 3 ~ /  CENTAUR' 
TITAN 3F/ CENTAUR 
ADVANCED PROPULSION -SYSTEM TECHNOLOGY: 
T ITAN 3F/CENTAUR 
INT -20  SATURN 
8 ARRIVAL DATE FIXED AT 55 DBP 
+ LONGER FLIGHT TIMES OF 1050  DAYS AND 1300  DAYS WERE COMPUTED FOR THIS CASE 
WITH RESULTANT PAYLOADS OF 600 LBS. AND 1800  LBS. RESPECTIVELY. 
a s  a  funct ion  of power r a t i n g  f o r  nominal and advanced powerplant 
technology and T i t an -c lass  launch veh ic les .  A 1000-pound payload 
a t  Encke rendezvous i s  w e l l  wi th in  the c a p a b i l i t y  of a  T i t an  3 ~ /  
Centaur and a  n u c l e a r - e l e c t r i c  low-thrust  s t age  developed with 
nominal technology, A t r a j e c t o r y  p r o f i l e  of the 500 day m i s s i o n  
i s  i l l u s t r a t e d  i n  Figure 240 The f l i g h t  pa th  extends t o  about 
2.6 a .u.  from the  sun and rendezvous occurs 100 days before 
Encke ' s per ihe l ion  passage (11/8/90) . Since Encke ' s  o r b i t a l  
per iod  i s  about 3 .3  years ,  the  conf igura t ion  shown i n  Figure 24 
i s  e s s e n t i a l l y  s i m i l a r  to  the 1980 launch opportuni ty (3 Encke 
per iods  e a r l i e r ) .  
3 ,3 .3  Summary of Nuclear-Elec t r i c  Missions 
Using a  predic  t i o n  of nuc lea r  power supply technology, 
n u c l e a r - e l e c t r i c  rendezvous wi th  ~ a l l e y / 8 6  has been stxidied i n  
some depth,  It has been shown t h a t  the  app l i ca t ions  of this 
propulsion mode t o  a  Halley rendezvous mission provides reason-  
able  payloads and f l i g h t  times without  the  use of Saturn-class  
launch v e h i c l e s ,  
Study of nuclear  -elec t r i c  rendezvous with Encke/90 
i n d i c a t e s  t h a t  payload can be doubled (with advanced technolog:y) 
and f l i g h t  time halved compared to  impulsive b a l l i s t i c  r e s u l t s ,  
Similar r e s u l t s  can be expected f o r  o the r  shor t -per iod  cornet 
rendezvous oppor tun i t i e s  
3.4 Solar-Elec t r i c  Low-Thrus t Mode 
A s o l a r - e l e c t r i c  spacec ra f t  employs s o l a r  ce l l .  arrays 
t o  de r ive  the  necessary power t o  opera te  the  ion t h r u s t e r s ,  This  
propulsion system has  a t t a i n e d  an advanced s t a t e  of development 
wi th  f l i g h t  readiness  p ro jec ted  t o  the  post-1974 time period 
(Bartz and Horsewood, 1969), A propulsion system s p e c i f i c  mass 
(aps 9 of 30 kg/kw (66 lbs/kw) , including power and t h r u s t  
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FIGURE 23  PAYLOAD CAPABILITY O F  NUCLEAR-ECECTRBC SPACE- 
CRAFT FOR 5 0 0 - D A Y  RENDEZVOUS MISSION TO 
COMET ENCKE,  ARRIVAL 7 /  31/90 
EARTH LAUNCH (3/18/89) 
I V H L = 2krn/sec 
FIGURE 24. 500-DAY RENDEZVOUS TRAJECTORY TO COMET EN'BZKE/SO, 
NUCLEAR -ELECTRIC LOW-THRUST FLIGHT MODE. 
subsystems, appears  t o  be a r e a l i s t i c  des ign  goa l .  The main 
disadvantage of s o l a r  power from a t r a j e c t o r y  s t andpo in t  i s  the 
i n h e r e n t  f a l l - o f f  o f  power w i th  i n c r e a s i n g  d i s t a n c e  from the 
sun. This tends to  make the  t r a j e c t o r y  maneuvering c a p a b i l i t : ~  
l e s s  e f f i c i e n t  f o r  comet rendezvous than would be the  c a s e  with 
c o n s t a n t  power (nuc lear -e lec  t r i c )  . Longer f l i g h t  t imes wF:kl 
u s u a l l y  be r equ i r ed  to  compensate f o r  t h i s  e f f e c t ,  i. e .  , t o  
d e l i v e r  the same payload.  S t i l l ,  the  s o l a r  e l e c t r i c  propu:hsion 
(SEP) mode can be expected t o  out-perform the  b a l l i s t i c  flight 
mode because of  the  h igh  s p e c i f i c  impulse o f  t he  i o n  t h r u s t e r s  
employed. 
Some e a r l y  work on SEP comet miss ions  has  been r e p o r t e d  
i n  the  l i t e r a t u r e  (Park, 1967). That s t udy  cons idered   mission:^ 
to  the  comets Temple-2, Encke and d l ~ r r e s t .  The launch vehicle 
s e l e c t i o n  was the  A t l a s  (SLV-3A)/Burner I1 and the  s c i ence  pay  - 
load  was 56 pounds. F l i g h t  times t o  each of the  comets w a s  
about  1000 days. I t  i s  n o t  c l e a r  whether the  rendezvous trajec- 
t o r i e s  were f u l l y  opt imized,  i. e . ,  whether the f l i g h t  t imes 
could  be reduced s i g n i f i c a n t l y  i n  d e l i v e r i n g  the  same pay loaa ,  
Furthermore, the  miss ion examples s t u d i e d  r e q u i r e d  launches  i n  
the  e a r l y  1970 ' s  which i s  improbable now i n  l i g h t  o f  c u r r e n t  
program planning.  The p r e s e n t  s t udy  examines t he  SEP f l i g h t  
mode i n  terms of launch o p p o r t u n i t i e s ,  launch v e h i c l e s  and 
payload requirements  which a r e  compat ible  w i th  c u r r e n t  miss ion  
planning.  
T r a j e c t o r y  a n a l y s i s  was l i m i t e d  t o  s e v e r a l  a t t r a c t i v e  
comet o p p o r t u n i t i e s  a s  determined by the  preceding b a l l i s  tic 
mode r e s u l t s .  B a s i c a l l y ,  these  o p p o r t u n i t i e s  a r e  Encke/80, 
d1Ar re s t / 82  and Kopff/83. The purpose h e r e  i s  t o  compare the 
SEP performance w i th  the b e t t e r  b a l l i s  t i c  miss ions ,  thus  a l l o w - -  
ing  a reasonable  b a s i s  f o r  t r a d e - o f f .  H a l l e y ' s  Comet was also 
considered t o  determine whether o r  n o t  the  SEP mode i s  a t  a l l  
p r a c t i c a l  f o r  t h i s  miss ion.  The r e c e n t l y  developed computer 
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program CHEBYTOP (Hahn, 1969) was u t i l i z e d  f o r  the  t r a j e c t o r y  
and payload opt imizat ion.  Low- t h r u s t  propulsion i s  i n i t i a t e d  
ou t s ide  of the  e a r t h ' s  sphere of inf luence  a f t e r  a  high- t h ru s t  
launch and i n j e c t i o n  to  a  s p e c i f i e d  hyperbolic excess v e l o c i t y  
VHL. This v e l o c i t y  along wi th  the i n i t i a l  power l e v e l  Po (a t  
1 a . u , )  and cons tant  s p e c i f i c  impulse I may be chosen so  as  t o  
sP 
maximize the  n e t  spacec ra f t  mass. Thrust  d i r e c t i o n  and coas t  
per iods  a r e  a l s o  optimized. The s o l a r  power v a r i a t i o n  w i t h  
d i s t ance  from the  sun i s  taken from an ana lys i s  by Strack 
(1966). 
Figure 25 shows the  region of optimum a r r i v a l  dates in 
the v i c i n i t y  of pe r ihe l ion  f o r  cons tant  f l i g h t  time t r a j e c t o r i e s  
t o  Comet d1Arres t /82 .  Tra jec to ry  requirements a r e  preserlted in 
terms of the  energy parameter J* defined by 
where a ( t )  i s  the t h r u s t  a c e e l e r a t i o n ,  P ( t )  i s  the  ins tantanes~; i s  
power and tf i s  the  f l i g h t  time. D i f f e r e n t  va lues  of VHL c m s r  
a  s h i f t i n g  of the  curves up o r  down bu t  genera l ly  have l i t t l e  
e f f e c t  on t h e  optimum a r r i v a l  da te .  For a  propulsion system 
s p e c i f i c  mass of 30 kg/kw, va lues  of g r e a t e r  than about 
2 3  15 m / sec  r e s u l t  in vanishing payload and, hence, a r e  n o t  06 
p r a c t i c a l  i n t e r e s t .  Beginning with the  high energy 800 -day 
f l i g h t ,  one no tes  the  n e a r l y  equal  s h i f t i n g  of optimum a r r i v a l  
time wi th  f l i g h t  time. This r e f l e c t s  the  f a c t  t h a t  the optimum 
e a r t h  launch p o s i t i o n  i s  e s s e n t i a l l y  f ixed  by t h e  comet's orbital 
geometry. Also, f o r  a  given f l i g h t  time such a s  800 days,  there 
a r e  l o c a l  minimum po in t s  separated by n e a r l y  one year ,  Re la -  
t i v e l y  f a s t  rendezvous f l i g h t s  of 300 o r  400 days a r e  p o s s i b l e ,  
bu t  these  r equ i re  a  pos t -pe r ihe l ion  a r r i v a l .  The genera t ion  of 
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FIGURE 25. EFFECT OF ARRIVAL TIME ON TRAJECTORY REQUIREMENTS, 
SOLAR-ELECTRIC RENDEZVOUS WITH COMET  ARREST/^^ 
b a s i c  d a t a  maps such a s  F igu re  25 a r e  a  u s e f u l  f i r s t  s t e p  i n  t h e  
s e l e c  t i o n  of  comet rendezvous t r a j  ec t o r i e s  f o r  l a t e r ,  more 
d e t a i l e d  a n a l y s i s  payload op t imiza t ion .  
F igure  26 i l l u s t r a t e s  the  e c l i p t i c  and ou t -of -p lane  
t r a j e c t o r y  p r o f i l e s  o f  t he  700-day f l i g h t  t o  d l A r r e s  t a r r i v i n g  
20 days be fo re  t he  1982 p e r i h e l i o n ,  I n  t h i s  c a s e ,  a  VHL sf 
3  km/sec i s  near-optimum f o r  the  T i  tan  36 launch v e h i c l e ,  The 
s p a c e c r a f t  t r a v e r s e s  a lmost  a f u l l  r e v o l u t i o n  about  the  sun,  
reaches  a  maximum s o l a r  d i s t a n c e  of  about  2.4 au ,  and a  maximum 
out -of -p lane  d i s t a n c e  o f  0 , 6  au.  F igure  27 shows a  900-day 
f l i g h t  t o  Comet Encke la-unched i n  1978 n e a r  the  comet o r b i t D  s 
major a x i s  and a r r i v i n g  104 days be fo re  t he  1980 p e r i h e l i o n ,  A 
700-day f l i g h t  t o  Comet Mopff launched i n  1981 and a r r i v i n g  50 
days be fo re  t h e  1983 p e r i h e l i o n  i s  shown i n  F igure  28, It 
should be no ted  t h a t  the  Kopff example t r a j e c t o r y  i s  off-optimum 
f o r  a  700-day f l i g h t  i n  t h a t  the  optimum a r r i v a l  d a t e  i s  after 
p e r i h e l i o n .  
So la r - e l ec  t r i c  p ropu l s ion  might be expected t o  provide 
on ly  marg ina l  payload performance compared t o  n u c l e a r - e l e c t r i c  
p ropu l s ion  f o r  the Hal ley  rendezvous miss ion  because the  change 
from pos igrade  t o  r e t r o g r a d e  motion i s  most e f f i c i e n t l y  made a t  
l a r g e  s o l a r  d i s t a n c e s  where t he  p ropu l s ion  power a v a i l a b l e  i s  
g r e a t l y  reduced.  F igure  29 shows an example t s a j e c  t o r y  to 
Hal ley  launched i n  1978 and a r r i v i n g  55 days be fo re  the  1986 
p e r i h e l i o n .  The s p a c e c r a f t  i s  1 au  below the  e c l i p t i c  p lane  at 
an aphe l ion  d i s t a n c e  of 7 , 3  au  when the  momentum r e v e r s a l  
beg ins .  Although the  power a v a i l a b l e  a t  t h i s  p o i n t  i s  on ly  
1125th of t he  i n i t i a l  power, a  s m a l l  v a lue  of  t h r u s t  a c c e l e r -  
a t i o n  i s  e f f e c t i v e  i n  changing the  t r a j e c t o r y  because of t he  
slow motion a t  t h i s  d i s t a n c e .  The major drawback of  t h i s  
example i s  t h a t  the  p ropu l s ion  time r e q u i r e d  i s  a  l a r g e  f r a c t i o n  
of  the  v e r y  long 7.5-year f l i g h t  time. 
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FIGURE 29. 2740-DAY SOLAR-ELECTRIC RENDEZVOUS WITH HALLEY 5 SOMET 
Table 11 provides  a  summary of the  SEP f l i g h t  made 
r e s u l t s  ob ta ined  f o r  the  f o u r  comet miss ions  i n v e s t i g a t e d ,  
Values l i s t e d  f o r  launch v e l d c i t y ,  power and s p e c i f i c  impiulse 
a r e  near-op timum f o r  the  given launch v e h i c l e  s e l e c t i o n s ,  
Missions t o  Encke, d l A r r e s t ,  and Kopff a r e  s i m i l a r  i n  t h a t  the 
f l i g h t  times a r e  under 2 .5  y e a r s ,  the  payload ( n e t  s p a c e c r a f t  
mass) i s  about  1000 pounds, and the  SEP s p a c e c r a f t  can be 
launched by the  T i t an  3C. Optimum propuls ion  power i s  20-25 kw 
a t  a  s p e c i f i c  impulse of  3500 seconds.  Because of  s i m i l a r  
o r b i t a l  c h a r a c t e r i s t i c s  of  many shor  t -pe r iod  comets, one may 
p r e d i c t  t h a t  the  r e s u l t s  of  these  t h r e e  miss ions  app ly  g e n e r a l l y  
t o  a  l a r g e r  c l a s s  of comet miss ion o p p o r t u n i t i e s .  The Halley 
mission i s  a  s p e c i a l  c a se  and does n o t  appear t o  be a s  a t t r a c -  
t i v e  f o r  SEP a p p l i c a t i o n .  The T i t a n  3 ~ / C e n t a u r  p rov ides  o n l y  a 
marginal  payload of under 500 pounds, the  power r a t i n g  i s  h i g h  
and the  f l i g h t  time i s  over 7 yea r s .  
C h a r a c t e r i s t i c s  of  n e t  s p a c e c r a f t  weight  a s  a  func tialn 
of  power r a t i n g  a r e  shown i n  F igu re s  30 through 32 f o r  the 
~ n c k e / 8 0 ,  d ' ~ r r e s  t / 82 ,  and ~ o p f f / 8 3  miss ions .  The T i  tan  3D/ 
Centaur i s  considered i n  a d d i t i o n  t o  the  T i t a n  3C i n  o rde r  tc 
a s c e r t a i n  whether s i g n i f i c a n t  payloads can be d e l i v e r e d  uti- 
l i z i n g  r e l a t i v e l y  smal l  s o l a r  a r r a y s .  For example, suppose PCB 
were l i m i t e d  t o  15 kw which i s  a  lower than optimum power f o r  
both launch v e h i c l e s  - -  ve ry  much so f a r  f o r  the  T i t a n  3 ~ /  
Centaur.  The n e t  weight  c a p a b i l i t y  of t he se  two launch ~iel-sicles 
a t  Po = 15 kw a r e  compared below. 
T i t a n  3C/ 
Mission SEP (15 kw) 
Encke/80 925 l b s .  
d l A r r e s  t / 82  825 l b s .  
Kopf f  183 660 l b s .  
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T i  t an  3 ~ / C e n  t a u r /  
1320 l b s ,  
1015 l b s .  
< 660 l b s .  
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The l a r g e r  launch v e h i c l e  o f f e r s  a  f a i r  improvement i n  payload 
f o r  the  Encke and d l A r r e s t  missions bu t  none a t  a l l  f o r  the 
Kopff mission. These numbers a r e  only i l l u s t r a t i v e  of t h e  
t rade-off  t h a t  can be made i n  mission design s t u d i e s .  A f i n a l  
design s e l e c t i o n  would depend upon many f a c t o r s  including 
sc ience  payload requirements and launch v e h i c l e  and spacecraf t  
c o s t s .  
I n  the  previous d iscuss ion  of Figure 26 i t  was mentfc~ned 
t h a t  a  s h o r t  f l i g h t  time rendezvous with d ' A r r e s t  i s  poss ib le  if 
a  pos t -per ihe l ion  a r r i v a l  i s  acceptable .  This r e s u l t  motil~aced 
us  t o  examine the  d f A r r e s t  1976 opportuni ty which i s  c u r r e n t l ~ i .  
under cons idera t ion  a s  a  b a l l i s t i c  i n t e r c e p t  ( f a s t  f lyby)  
mission u t i l i z i n g  the  AtlasICentaur launch veh ic le  and a f l i g h t  
time of about 100 days. As a  poss ib le  but  more expensive aPzer- 
n a t i v e ,  a  280-day SEP rendezvous mission i s  considered here ,  
This mission would be launched i n  e a r l y  1976 near  the  cornet8.: 
ascending node and a r r i v e  100 days a f t e r  t h e  pe r ihe l ion  o f  
August 13,  1976. The t r a j e c t o r y  p r o f i l e  i s  i l l u s t r a t e d  isa 
Figure 33. During the f i r s t  h a l f  of the f l i g h t  the spacezraf 
remains near  1 a . u ,  whi l e  t r ave r s ing  a  pa th  out of the ecliptic 
plane t o  match the comet 's  i n c l i n a t i o n  of 17".  A t  a  point: 10 
days a f t e r  pe r ihe l ion  (90 days before  a c t u a l  rendezvous), Che 
spacec ra f t  i s  about 14 x  l o 6  km from d l A r r e s t  and c los ing  
a  r e l a t i v e  v e l o c i t y  of about 3 .5  km/sec. Figure 34 shows the 
payload c a p a b i l i t y  of the  T i t an  36 and T i t an  3DICentaur launch 
v e h i c l e s  a s  a  funct ion  of power r a t i n g .  I n  t h i s  ease  the 
s p e c i f i c  impulse was f ixed  a t  3000 seconds, which i s  c l o s e r  Lo 
optimum f o r  t h i s  mission than the 3500 second value used above, 
The maximum payload c a p a b i l i t y  of the T i t an  36 i s  550 pounds a t  
a SEP power r a t i n g  of about 23 kw. The payload decreases  t o  
470 pounds a t  the  off-optimum power of 15 kw. A t  15 kw, the 
T i t a n  3DICentaur launch v e h i c l e  would have a  payload capabi lLty 
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TRAJECTORY.  T O  COMET D 'ARREST / 76 
of  675 pounds. The d 1 ~ r r e s t / 7 6  miss ion oppor tun i ty  has  been 
included he re  more a s  an example o f  f a s t  rendezvous than as a 
suggested miss ion.  The e a r l y  launch d a t e  and p o s t - p e r i h e l i o n  
a r r i v a l  probably prec ludes  t h i s  SEP miss ion  from s e r i o u s  
cons ide ra t ion .  
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FLIGHT MODE COMPARI SONS 
I n  Sec t ion  3 of  t h i s  r e p o r t ,  t he  p a y l o a d / f l i g h t  time 
c h a r a c t e r i s t i c s  of  rendezvous o p p o r t u n i t i e s  t o  colL;cZs w i  t l a  good 
s i g h t i n g  c o n d i t i o n s  were cons ide red  accord ing  t o  t he  f o u r  flight 
modes s t u d i e d .  The pr imary o b j e c t i v e  o f  t h i s  r e p o r t  i s  t o  
i d e n t i f y  f o r  f u r t h e r  s t udy  comet rendezvous o p p o r t u n i t i e s  which 
a r e  p o t e n t i a l l y  a p p l i c a b l e  t o  a  comet e x p l o r a t i o n  program culmi-  
n a t i n g  i n  a  Hal ley  rendezvous miss ion  dur ing  the  1986 a p p a r i t i o n ,  
I n  t h i s  s e c t i o n  payload,  f l i g h t  time and launch v e h i c l e  r e q u i r e -  
ments o f  t he  d i f f e r e n t  f l i g h t  modes which have been cons idered  
a r e  compared f o r  t he  fo l lowing  comet a p p a r i t i o n s :  Encke/$O, 
d 1 A r r e s t / 8 2 ,  Kopff/83 and ~ a l l e y / 8 6 .  Rendezvous r e s u l t s  f o r  
o t h e r  comet a p p a r i t i o n s  such a s  Temple-2/88 and Forbes193 a r e  
worth n o t i n g ,  b u t  because  t h e  o p p o r t u n i t i e s  f o r  t he se  miss ions  
occur  a f t e r  1985 they w i l l  n o t  be d i s c u s s e d  f u r t h e r  a t  t h i s  
t ime,  
4 . 1  Rendezvous With Encke/80 (90) 
The p o s i t i o n  of e a r t h  and comet Encke dur ing  the  1980 
and 1990 a p p a r i t i o n s  er,o e s s e n t i a l l y  the  same, Hence, the  
fo l lowing  comparisons f o r  t h e  1980 a p p a r i t i o n  app ly  t o  the  1990 
a p p a r i t i o n  a s  w e l l ,  
The f l i g h t  time f o r  a  b a l l i s t i c  mul t i - impulse  (MI) ren- 
dezvous w i t h  Encke i s  3 . 5  y e a r s  ( rse  Figu re  35) which p l a c e s  rhe 
launch o p p o r t u n i t y  i n  February 1977. Two impulses  t o t a l i n g  3-85 
km/sec must be performed fo l lowing  e a r t h  launch.  A mu l t i -bu rn  
s p a c e - s t o r a b l e  p ropu l s ion  s t a g e  weighing about  4430 pounds woulid 
be neces sa ry  t o  perform these  maneuvers w i t h  a  1000 pound spaee- 
c r a f t  payload.  A T i  t an  3F/Centaur 12Lt.lnch v e h i c l e  i s  r e q u i r e d ,  
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Both f l i g h t  time and launch v e h i c l e  a r e  reduced i f  
s o l a r - e l e c  t r i c  p ropu l s ion  (SEP) i s  s u b s t i t u t e d  f o r  the  multi- 
impulse f l i g h t  mode. A f l i g h t  time of 2 .5  y e a r s  r e p r e s e n t s  a 
one-year saving i n  time t o  rendezvous,  With a  s o l a r - e l e e  tric 
s t a g e  r a t e d  a t  15 kw power a t  1 au  (non-op timum) a  T i t an  36 
v e h i c l e  d e l i v e r s  925 pounds payload t o  rendezvous wi th  Eneke, 
Adding a  Centaur s t a g e  (T i t an  3D/Centaur) r a i s e s  the  payload a t  
the  same off-optimum power l e v e l  t o  1320 pounds, o r  f o r  1008 
pounds payload f u r t h e r  reduces  the  power r a t i n g  t o  10 ,5  kw at 
1 au. 
Another yea r  of f l i g h t  time can be saved by advancing 
t o  n u c l e a r - e l e c  t r i c  p ropu l s ion  (NEP) and r e t a i n i n g  the  T i  tan 3F/ 
Centaur.  However, t h e  wisdom of developing such an advanced 
high-energy p ropu l s ion  system t o  g a i n  one year  advantage i n  
f l i g h t  time i s  ques t ionab le ,  Hence, i t  i s  concluded t h a t  the 
s o l a r - e l e c  t r i c  low- t h r u s  t f l i g h t  mode r e p r e s e n t s  the  b e s t  conpro- 
mise between miss ion c h a r a c t e r i s t i c s  ( f l i g h t  t ime,  payload and 
launch v e h i c l e )  and neces sa ry  p ropu l s ion  development f o r  an 
Encke rendezvous miss ion ,  
4 .2  Rendezvous With d1Ar re s t / 82  
A three- impulse  b a l l i s t i c  rendezvous miss ion t o  d q r r e s t  
t akes  about  4,8 y e a r s  from launch.  The launch oppor tun i ty  occu r s  
i n  August of  1977 wi th  rendezvous occu r r ing  about  100 days before 
p e r i h e l i o n ,  A 2930 pound mul t i -burn  space - s to rab le  s t a g e  w i l l  
perform the  neces sa ry  post - launch maneuvers w i th  a  100 pound 
s p a c e c r a f t  payload,  A T i  t an  3D/Cen taur /Burner  I1 launch veh ic le  
i s  r equ i r ed .  
A J u p i t e r  g r a v i t y  a s s i s t  (@A) i s  p o s s i b l e  f o r  rendez- 
vous dur ing  d '  Arres  t ' s 1982 a p p a r i t i o n .  However, no s i -gn i f i can  t 
d i f f e r e n c e s  i n  o v e r - a l l  miss ion performance compared t o  the  
mul t i - impulse  (MI) f l i g h t  mode a r e  e v i d e n t ,  a s  can be v e r i f i e d  
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b y  ~ e v i e w i n g  Figure' 35. The f l i g h t  i s  reduced about  one month 
and the launch v e h i c l e  i s  unchanged. There a r e ,  however, s i g -  
n i f i c a n t  des ign d i f f e r e n c e s  i n  t he  p ropu l s ion  requ i rements  o f  
t he  two b a l l i s t i c  f l i g h t  modes (MI and GA). With a  J u p i t e r  
g r a v i t y  a s s i s t  the  l a r g e s t  impulse (2 .2  km/sec) does n o t  occur  
u n t i l  rendezvous, i . e . ,  a t  the  ve ry  end of t he  t r a n s f e r  flight, 
There a r e  r e l i a b i l i t y  and guidance problems suggested by this 
s i t u a t i o n  a s  w e l l  a s  the  J u p i t e r - a s s i s t  which would have t o  be  
s t u d i e d  t o  a s s e s s  whether t h i s  f l i g h t  mode i s  comparable to 
b a l l i s t i c  mu1 t i - impulse .  
Going t o  s o l a r - e l e c  t r i c  low- t h rus  t p ropu l s ion  (SEP) 
p rov ides  impress ive  advantages over e i t h e r  o f  the  b a l l i s t i c  
modes. A 2.8-year sav ings  i n  f l i g h t  time i s  p o s s i b l e  wi th  a 
T i t a n  3C launch v e h i c l e  d e l i v e r i n g  s l i g h t l y  l e s s  than 1000 pourzds 
payload a t  optimum power (22 kw). Using an off-optimum power 
r a t i n g  of  15 kw a t  1 au  r e q u i r e s  a  T i t a n  3 ~ I ~ e n t a u r  to rendez-  
vous 1000 pounds payload i n  1 .9  yea r s .  The launch d a t e ,  i n  
September 1980, occurs  about  t h r e e  y e a r s  l a t e r  than e i t h e r  b a l -  
l i s t i c  f l i g h t  mode. The a r r i v a l  d a t e  i s  l a t e ,  j u s t  20 days 
be fo re  p e r i h e l i o n .  The e f f e c t  of an e a r l i e r  a r r i v a l  d a t e  on 
payload c a p a b i l i t y  needs t o  be i n v e s t i g a t e d .  The 60% reduc t i o n  
i n  f l i g h t  time would seem t o  be ample j u s t i f i c a t i o n  f o r  prefer- 
ence of  a  s o l a r - e l e c t r i c  s t a g e  t o  a  s p a c e - s t o r a b l e  chemical  
s t a g e  even i f  the  T i t a n  3DICentaur i s  needed i n  e i t h e r  instance, 
4 .3  Rendezvous With Kopff/83 
A b a l l i s t i c  mul t i - impulse  t r a n s f e r  w i l l  rendezvous 
1000 pounds payload wi th  Kopff i n  about  3 .9  yea r s .  The mu1 t i -  
burn space - s to rab l e  s t a g e  needed f o r  the  pos t - l aunch  maneuvers 
weighs about  3280 pounds. The launch would take  p l a c e  i n  J u l y  
1970 and rendezvous accomplished 85 days be fo re  the .1983  peri- 
h e l i o n .  A T i t an  3D/Centaur launch v e h i c l e  i s  r e q u i r e d .  Viewed 
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from the s tandpoint  of  f l i g h t  time and propulsion requirements,  
t h i s  i s  the e a s i e s t  b a l l i s t i c  opportuni ty of the four  comet 
rendezvous missions being discussed.  
The f l i g h t  time f o r  the s o l a r - e l e c t r i c  f l i g h t  mode i s  
1 , 9  years  o r  about 2 years  l e s s  than the b a l l i s t i c  multi-impulse 
f l i g h t  mode, A 1000 pound payload can be de l ivered  with the 
Titan  36 launch veh ic le  bu t  the power r a t i n g  a t  1 au may be 
somewhat high a t  22 kw, Unlike the previous cases  discussed a 
l a r g e r  launch veh ic le  does n o t  decrease the requi red  power 
r a t i n g  f o r  a  1000 pound payload mission, I t  would probably be 
necessary to  inc rease  the f l i g h t  by one year i n  order  to  get 
the power down t o  the more acceptable  l e v e l  of 15 kw f o r  a firs t- 
genera t ion  SEP s t age  design,  This would, i n  turn ,  diminish t h e  
f l i g h t  time advantage of the SEP f l i g h t  mode by 50X0 Another 
problem a r e a  i s  the f a c t  t h a t  maximum payload i s  achieved a t  
da tes  a f t e r  p e r i h e l i o n  f o r  the  cases  s tudied ,  I n  order  to 
provide a  more compatible mission p r o f i l e  with envisioned 
sc ience  ob jec t ives ,  the a r r i v a l  d a t e  had to  be cons t ra ined  t o  
occur 50 days before the comet's p e r i h e l i o n ,  
Hence, f u r t h e r  study of the s o l a r - e l e c t r i c  low-thrust  
t r a j  ec to ry  c h a r a c t e r i s t i c s  f o r  a  Kopff/83 rendezvous w i l l  be 
necessary before  a  thorough comparison with the b a l l i s  t i e  f l igb? t 
mode can be made, I t  can be concluded, however, t h a t  e i t h e r  
f l i g h t  mode i s  a t t r a c t i v e  compared with the o the r  comet missions 
considered,  
4 , 4  Rendezvous With ~ a l l e y / 8 6  
The long f l i g h t  time (> 7 years )  requi red  f o r  a  
~ a l l e y / 8 6  rendezvous mission with e i t h e r  the b a l l i s  t i c  Jupiter 
g r a v i t y - a s s i s  ted f l i g h t  mode (GA) o r  the so la r -e lec  t r i c  Low- 
t h r u s t  mode (SEP) may be enough to  e l imina te  them from further 
cons ide ra t ion ,  The oppor tun i t i e s  f o r  these f l i g h t  modes o c c u r  
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i n  1977 and 1978 which would p lace  e i t h e r  mission i n  d i r e c t  
competit ion with the ou te r  p l a n e t  Grand Tour Program f o r  p r s jec  t 
funds. The added f a c t o r s  of a Saturn V/Centaur launch veh ic le  
and a 9350 pound two-stage space-s torable  rendezvous s t age  f o r  
the GA mode o r  a seven-segment Ti tan  and a 50 kw power system 
( ra ted  a t  1 au) f o r  the SEP mode make these p o s s i b i l i t i e s  seem 
even more dismal,  
To da te  the nuclear -e lec  t r i c  propulsion (NEP) f l i g h t  
mode has been the only reasonable a l t e r n a t i v e  f o r  a Halley 
rendezvous. The requ i red  f l i g h t  i s  2.6 years ,  which f o r  a 
rendezvous a t  55 days before p e r i h e l i o n  p laces  the launch date 
i n  Apr i l  1983. P red ic t ions  i n d i c a t e  t h a t  t h i s  i s  probably early 
f o r  a n u c l e a r - e l e c t r i c  c a p a b i l i t y  a t  i t s  c u r r e n t  r a t e  of de- 
velopment but  n o t  unreasonable i f  such a program could be 
acce le ra ted .  The nuclear -e lec  t r i c  s t a g e  i s  s i zed  a t  140 kw wi th 
the power system weight based on a nominal l e v e l  of technology, 
The launch veh ic le  requi red  i s  the T i t an  3 ~ / ~ e n t a u r ,  which i s  an 
a d d i t i o n a l  development requirement. I f  the T i  tan 3D/Cen t au r  
were used the f l i g h t  would i n c r e a s e  to  3 .5  years  moving the 
launch d a t e  to  the e a r l y  summer of 1982. This would, of course ,  
leave  even l e s s  time f o r  the development of the nuclear -e lec  tric 
s tage  and r e q u i r e  i t  t o  opera te  about one year  longer  i n  space, 
I n  summary, a nuc lea r -e lec  t r i c  powered low- thrus  t 
f l i g h t  mode i s  d e f i n i t e l y  the most promising a l t e r n a t i v e  for 
rendezvous with Halley.  I t  i s ,  the re fo re ,  important  now to  
determine whether the requi red  hardware can be developed I n  time 
f o r  an opera t iona l  launch i n  1982 o r  1983. I f ,  a f t e r  thorough 
cons ide ra t ion  i t  appears t h a t  t h i s  i s  an unreasonable g o a l ,  then 
o the r  Halley mission a 1  t e r n a t i v e s  , such a s  mu1 t i p l e  hyper- 
v e l o c i t y  (50 - 70 km/sec) f lyby  probes o r  a l a r g e r  slow f lyby 
(- 6 km/sec) probe, should be s e r i o u s l y  considered so t h a t  this 
valuable  oppor tuni ty  i n  comet exp lo ra t ion  i s  n o t  missed by 
d e f a u l t .  
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5,  CONCLUSIONS AND RECOMMENDATIONS 
I t  i s  concluded from the r e s u l t s  which have been 
presented t h a t  a  number of oppor tun i t i e s  e x i s t  during the period 
1975-2000 f o r  performing comet rendezvous missions with 1000 
pounds payload, A t  l e a s t  10 favorable  oppor tun i t i e s  have been 
i d e n t i f i e d  u t i l i z i n g  the b a l l i s  t i c  f l i g h t  mode. Three impulses  
o r  two impulses p lus  a  J u p i t e r  g r a v i  t y - a s s i s  t a r e  r equ i red ,  
E i t h e r  the T i  tan 3D/@entaur o r  T i  tan 3F/Cen taur  launch vehicles 
must be combined with a  near  s t a t e - o f - t h e - a r t  pos t- launch mu1 ti- 
burn space-s torable  s t age  to  d e l i v e r  1000 pounds o r  more payload 
to  rendezvous. F l i g h t  times range from 3 t o  5  years ,  
Low- thrus  t f l i g h t  modes, r e s t r i c t e d  to  so la r -e lec  t r i c  
propulsion u n t i l  the mid-19801s, o f f e r  the b e s t  performance f o r  
comet rendezvous mission oppor tun i t i e s .  F l i g h t  times, f o r  those 
cases  s tud ied ,  were found t o  range from 1 .5  to 3 years .  Launch 
v e h i c l e s  needed f o r  s o l a r - e l e c t r i c  powered, missions car ry ing  
1000 pounds payload inc lude  the Ti tan 3C and the Ti tan  3 ~ /  
Centaur, the l a t t e r  being p r e f e r r e d  f o r  an off-optimum power 
r a t i n g  of about 15 kw which i s  c o n s i s t a n t  with c u r r e n t  so l a r -  
e l e c  t r i c  s t age  design proposals ,  
I t  would appear a t  t h i s  time t h a t  p r a c t i c a l  accomplish- 
ment of a  Halley rendezvous mission w i l l  depend primaril-y on the 
a v a i l a b i l i t y  of a  nuclear -e lec  t r i c  low-thrus t s t age  by 198.3, 
Other f l i g h t  modes, such a s  low-thrust  combined with J u p i t e r  
g r a v i t y - a s s i s  t ,  should cont inue to  r ece ive  a t t e n t i o n  with 
s h o r t e r  f l i g h t  times (< 5 years)  and T i t an -c lass  launch vehic les  
being the requirement ob jec t ives .  
I t  i s  recommended t h a t  the four  comet oppor tun i t i e s  
discussed i n  Sect ion 4 -- ~ n c k e / 8 0 ,  d1Arres t /82 ,  Kopff/83 and 
Halley/86 --  form the scope of cons idera t ion  of the cornet ren-  
dezvous mission study by Astro Sciences to  fol low t h i s  work, 
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The mission study w i l l  i n v e s t i g a t e  seve ra l  key a r e a s  r e l a t i n g  t o  
o b j e c t i v e s ,  opera t ions  and performance. These a r e a s  a r e  as 
fol lows : 
1) Science ob j ec t i v e s  and measurement d e f i n i t i o n s  ; 
the new i n g r e d i e n t  he re  i s  long term " i n - s i t u Q B  
experimen ts i n  a dynamic environment , 
2 )  Navigation and guidance ; come t o r b i  t de termi- 
na t ion  accuracy i s  the key i n p u t ,  
3) Rendezvous opera t ions  ; s t a  tionkeeping , 
maneuverabili ty and sc ience  instrument  
p r o f i l e ,  
4)  Traj ec torylhardware i n t e r f a c e ;  launch and 
a r r i v a l  windows, o f f  -op timum parameter 
e f f e c t s ,  e t c . ,  
5) Spacecraf t  subsys tem requirements;  e s t ima tes  
of weight,  power, d a t a  r a t e ,  e t c .  
I n  a d d i t i o n  t o  the o b j e c t i v e s  ou t l ined  above, the  study 
should determine which of the f i r s t  t h ree  oppor tun i t i e s  i s  the 
b e s t  multi-impulse b a l l i s t i c  mission and which i s  the b e s t  
so la r -e lec  t r i c  low- t h r u s t  mission. The terminology "bes t'" 
should be i n t e r p r e t e d  to  mean the most compatible mission 
requirements f o r  propulsion sys tem design and development with- 
o u t  s a c r i f i c e  to  the d e s i r e d  payload, f l i g h t  time and a r r i v a l  
d a t e  c h a r a c t e r i s t i c s .  For the ~ a l l e y / 8 6  rendezvous oppor tun% ty 
a d d i t i o n a l  a n a l y s i s  of hybrid t r a j e c t o r i e s  a s  we l l  a s  the 
nuc lea r -e lec  t r i c  low- th rus  t f l i g h t  mode should be performed, 
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APPENDIX 
SIGHTING AND ORBITAL DATA FOR SELECTED (GOOD L I S T )  
COMET APPARI  E O N S  
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This appendix c o n s i s t s  of th ree  f i g u r e s  and one table 
of da ta  f o r  each of the 16 comet a p p a r i t i o n s  wi th  good earth- 
based s i g h t i n g  c h a r a c t e r i s t i c s  given i n  Table 1, Section 2, 
The f i r s t  two graphs f o r  each comet a p p a r i t i o n  ( f igures  a and b) 
conta in  s i g h t i n g  da ta  a s  def ined i n  Section 2. The t h i r d  
f i g u r e  (c) i s  an i l l u s t r a t i o n  of the comet 's  o r b i t  r o t a t e d  into 
the e c l i p t i c  p lane ,  Pos i t ions  of the e a r t h  a r e  ind ica ted  a t  
var ious  p e r i h e l i o n  passage d a t e s  of the comet, The t a b l e  sf 
da ta  f o r  each comet a p p a r i t i o n  con ta ins  time p ro jec t ions  of the 
oscu la t ing  elements of the comet 's  o r b i t ,  obtained by i n t e -  
g r a t i n g  the combined g r a v i t a t i o n a l  a c c e l e r a t i o n  due to  the sun 
and p l a n e t s .  No allowance has  been made f o r  secu la r  per  turba-  
t ions .  For some a p p a r i t i o n s  i n  the 19901s,  where numericaltly 
i n t e g r a t e d  d a t a  had n o t  been generated,  the T (pe r ihe l ion  
P  
passage da tes )  were found by cubic  ex t rapo la t ion ,  
The d a t a  a r e  presented  i n  ascending order  of comet 
p e r i h e l i o n  da tes  a s  follows: 
A-1 .  Encke/80 
A-2. d1Arres t /82  
A-3. Grigg- Skje l le rupl82  
A-4, Kopff/83 
A-5. Encke/84 
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00 "89 00'8 0 0 ~ 9  00;h 00:~ 00'0 
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PERIHEL ION OF C O M E T  
POSITION OF C O M E T  AT STATED NUMBER OF DAYS B E F O R E  P E n l H E L l O N  
P A S S  P O S I ' ! I O N S  O F  C A R 1 . H  AT P C R l l i E L O N  OF C O M E T  
P R E D I C T E D  I 'OSI 'TIONS OF E A H T I I  A T  PEAlliELlON OF C0I;IET 
FIG. A-l6C 
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